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The  findings  in  this  report  are  not  to  be  construed  as  an  official 
Department  of  the  Army  position  unles  so  designated  by  other 
authorised  documents. 

The  citation  of  trade  names  and  names  of  manufacturers  in  this 
report  is  not  to  be  construed  as  official  Government  indorsement 
or  approval  of  commercial  products  or  services  referenced  herein. 
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SECTION  1 


INTRODUCTION 

This  work  was  conducted  under  the  US  Army  Land  Warfare  Laboratory 
Task  04-E-74  titled  "Artillery  .Launched  TV".  The  objective  of  the  effort 
was  to  demonstrate  some  of  the  capabilities  and  limitations  of  a  charge 
coupled  device  (CCD)  television  camera  as  it  might  be  used  in  an  artillery- 
launched,  parachute  dropped,  aerial  reconnaissance  system. 

At  the  request  of  the  Office  of  the  Chief  of  Research  R *  Development,  the 
U..AL’»rL  h»8  undertaken  a  progi^...  10  unL^e  evincing  hardwa  re  an-4  J *non  - 
strate  some  of  the  advantages  and  limitations  of  such  an  artillery-launched 
TV  system.  The  program  consisted  of  two  portions:  the  actual  demonstra¬ 
tion  of  existing  hardware  and  a.  f;rst-order  analysis  of  how  future  systems 
might  perform.  A  4-month  contract  for  the  fabrication  of  the  hardware  and 
the  analysis  was  awarded  to  Fairchild  Space  and  Defense  Systems,  a  division 
of  Fairchild  Camera  and  Instrument  Corporation,  Syosset,  New  York,  under 
Contract  No.  DAAD05-74-C-0732. 

Section  2  of  this  report,  reporting  on  the  hardware  tests,  was  prepared  by 
USALWL.  Section  3,  presenting  the  system  analysis,  was  prepared  by 
Fairchild. 
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ARTILLERY  LAUNCHED  TV  CONCEPT 


FIGURE  t. 


SECTION  2 

CAMERA  HARDWARE  AND  FIE  1,1)  TESTS 

2 .  1  SYSTEM  CONCEPT 

The  concept  as  displayed  in  Figure  1  is  to  use  a  TV  camera  in  a  fashion 
similar  to  the  conventional  artillery  illuminating  round.  However,  in¬ 
stead  of  having  an  illuminant  which  bums  and  emits  light,  this  illuminant 
would  be  replaced  with  a  CCD  TV  camera,  a  battery,  a  transmitter  and 
an  antenna.  The  artillery,  from  its  normal  position,  would  fire  this  artil¬ 
lery-launched  TV  round  over  enemy  territory.  At  the  proper  time,  as  de¬ 
termined  by  the  fuze  on  the  projectile,  the  TV  package  and  its  parachute 
would  be  deployed  from  the  rear  of  the  projectile  and  float  to  earth.  The 
now  empty  projectile  would  continue  on  its  trajectory.  The  TV  camera, 
pointed  downwards,  would  transmit  pictures  of  the  ground  via  a  suitable 
telemetry  link,  back  to  a  base  station.  Upon  striking  the  ground  or  at  a 
given  time  after  deploying,  the  TV  unit  would  self-destruct  in  order  to 
free  the  airways  and  to  prevent  enemy  utilization  of  the  system.  At  the 
base  station,  the  received  signals  would  be  monitored  on  a  real  time  TV 
display  and  recorded  on  a  video  tape  recorder  having  stop-action  capability 
for  late-  play  back,  photography  and  analysis.  The  telemetry  link  requires 
near  lina  of  sight  conditions  but  this  should  not  adversely  affect  system  capa¬ 
bility  and  performance. 

ft  is  proposed  that  this  system  can  be  deployed  in  ‘ he  M485E2,  155  milli¬ 
meter  illuminating  round.  Figure  2  shows  how  the  system  could  be  pack¬ 
aged  in  ibis  round.  The  illuminant  eani.st<v  would  be  replaced  with  a  CCD 
TV  camera,  battery,  and  RF  transmitter  canister  which  is  4-]/4"  in  <1  ia  - 
meter  x  7-5/8"  long.  A  photograph  of  a  mock  up  of  the  proposed  package 
is  shown  in  Figure  5. 

2 ,  2  DESCRIPTION  OF  EAR  i)WA  RE 

The*  hardware  portion  of  (he  program  was  fabricated  by  Fairchild  using  their 
existing  100  element  by  100  element  Model  MV-  100  CCD  TV  camera  and  cir¬ 
cuits,  The  existing  circuit  boards  were  repackaged  into  (he  smallest  conven¬ 
ient  container  (see  Figure  4 A  ),  provided  with  AGC  and  power  c  ircuits,  and 
used  to  drive  an  existing  Government  -  furnished  Deistar  Model  1  ).S-  5  00  (•'(  " 
television  transmitter.  The  whole  emit  was  powered  by  24  volts  from  a  bat¬ 
tery  (4  eac  h  b  -  volt  Gel-cells  in  series)  and  was  then  packaged  in  a  form 
suitable  for  both  mounting  on  a  helicopter  and/or  ((topping  by  parachute 
(Figure  5  A  h  11). 

Ihe  CCI)  element  used  in  this  program  i  s  a  100  element  100  clement  (Cl) 
sense  r  more  Sully  described  in  a  later  section.  The  light-sensitive  elements 
laid  out  in  a  standard  1  x  4  television  tor  mat  with  eac  h  sensor  « >c 
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POWER  ■  SUP* 


IRC U IT  CARDS  USED  IN  THE  CCD  CAMERA. 


SWITCHES  AND  TWO  OUTPUTS) 


r  iGURr.  5B.  BOTTOM  VIEW  OP'  CCD  CAMERA  PACKAGE 

'SHOWING  1  OMM  LENS  'WITH  IRIS  ADJUSTMENT) 


1.2  mils  in  a  vertical  direction  x  1.6  mils  horizontally.  Half  of  the  horizon¬ 
tal  distance  (.8  mil)  of  the  element  is  utilized  for  charge  storing.  This  leaves 
an  active  light-sensitive  area  of  1.2  mils  x  .8  mil.  The  overall  CCD  sen¬ 
sor  array  has  dimensions  of  approximately  3  millimeters  x  4  millimeters 
and  is  scanned  to  yield  a  TV -compatible  output;  i.e.,  the  100  horizontal  ele¬ 
ments  are  read  cot  in  about  53  microseconds,  the  time  needed  to  read  out  a 
no  -izontal  line  in  the  standard  525-line  TV  system.  The  vertical  scan  con¬ 
sists  of  a  2  to  1  interlace  with  a  field  (half  of  an  interlaced  l-ame)  rate  of 
24  0  per  second  and  a  frame  rate  of  120  per  second. 

The  image  is  focused  on  the  CCD  chip  by  means  of  either  a  10-millimeter 
variable  aperture  lens  or  a  12.  5 -mm  to  75 -mm  zoom  lens.  The  output  of 
Lhe  CCD  chip  is  then  fed  through  a  video  automatic  gain  control  (AGC)  cir¬ 
cuit  before  being  combined  with  the  required  synchronization  pulses.  The 
resulting  TV-compatible  (with  the  exception  of  tne  4  times  faster  vertical 
framing  rate)  signal  is  available  for  output  as  the  video  input  signal  to  a  TV 
monitor  or  the  modulation  input  of  a  television  transmitter.  The  transmitter 
used  was  a  commercially  available,  channel  14,  Delstar  Corporation  Model 
DS500FC.  The  RF  output  from  the  transmitter  is  fed  into  a  quarter  wave 
stub  antenna.  The  transmitter-antenna  system  provides  a  475-megahertz, 
double  side-band,  amplitude -modulated  output  with  about  1-1/2  watts  into 
the  antenna.  The  signal  is  presented  on  a  standard  Sony  TV  monitor  slightly 
modified  to  accommodate  120  frames  per  second.  Fora  hard  wire  connection 
between  the  TV  transmitter  package  and  the  TV  monitor,  the  video  signal  was 
used  and  fed  directly  to  the  video  amplifier  of  the  monitor.  For  telemetry 
applications,  the  transmitted  RF  was  received  on  a  log-periodic  antenna  and 
was  fed,  by  way  of  a  matching  transformer,  into  the  UHF  terminals  of  the 
receiver.  In  either  case,  the  processed  video  signals  from  the  TV  set  were 
fed  to  a  Sony  Model  AV -3400  video  tape  recorder.  Vocie  comments  for  the 
tape  recorder  wei,  obtained  either  from  a  microphone  connected  to  the  re¬ 
corder  or  from  the  audio  output  of  a  separate  radio  channel. 

2.  3  LABORATORY  TESTS  AND  RESULTS 

One  set  of  laboratory  tests,  conducted  with  the  cooperation  of  the  Vis  ionics 
Laboratory  of  the  Night  Vision  Laboratory  at  Fort  Belvoir,  Va,  consisted  of  ob 
serving  a  1951  Air  Force  resolution  chart  with  the  CCD  camera  while  the 
background  illumination  of  the  c  hart  was  va  ied  in  intensity.  These  tests 
were  performed  with  an  f/2.0  lens  opening.  The  results  indicated  that  the 
image  is  completely  washed  out  at  brightness  levels  of  11.4  ft-lamberts  on 
the  high  end  and  .076  ft-larnbert  on  the  low  end.  For  the  same  lens  opening, 
usable  resolution  was  obtained  with  background  intensities  ranging  from  about 
7.  7  ft  lamberts  on  the  high  side  down  to  .23  ft-lambert  on  the  low  side.  This 
provides  a  33  to  1  usable  dynamic  range  for  the  CCD  system.  According  to 
the  manufacturer,  the  dynamic  range  is  limited  not  by  the  sensors  but  by  the 


on-chip  output  amplifier,  which  amplifies  the  composite  video  signal. 

Future  CCD  chips  will  have  an  improved  amplifier  tha*  should  offer  a  dy¬ 
namic  range  between  350  and  1,  000  to  1. 

The  data  obtained  from  the  resolution  charts  did  not  produce  consistently 
smooth  plots.  In  some  cases,  the  expected  smooth  graph  was  obtained 
(i.e.  ,  poorer  resolution  at  the  saturated  and  low  light  level  conditions  with 
better  resolution  between).  In  other  cases,  the  resolution  was  flat  across 
the  entire  spectrum  from  saturation  to  low  light  level  conditions.  In  the 
vertical  scanning  direction,  the  CCD's  sensitive  element  has  a  physical 
size  corresponding  to  a  limiting  resolution  of  60  microns/line  pair.  The 
limiting  resolution  obtained  from  the  laboratory  data  varied  from  118  mi¬ 
crons/line  pair  up  to  51  microns /line  pair.  In  the  horizontal  scan  direction, 
the  light  sensitive  element  is  20  microns  wide  (0.8  milli-inch)  spaced  on  40 
micron  centers,  v  hich  should  provide  a  resolution  of  80  microns /line  pair. 
The  measured  resolution  in  this  direction  varied  from  a  low  of  100  microns 
per  line  pair  to  a  high  of  64  microns  per  line  pair.  These  values  for  both 
the  horizontal  and  vertical  resolution  correspond  fairly  well  with  the  resolu¬ 
tion  limit  as  determined  by  the  physical  size  of  the  individual  detectors. 

Notice  that  a  line  pair  requires  two  detectors:  a  black  dot  on  one  detector 
and  a  white  dot  on  the  adjacent  detector. 

An  attempt  was  made  to  determine  the  spectral  response  of  the  CCD  detector 
using  a  series  of  available  high  pass  and  low’pass  optical  filters.  Unfortun¬ 
ately  the  response  of  the  filters  is  not  known  in  the  infrared  region  wnere  the 
CCD  device  is  stili  sensitive.  It  was  concluded,  however,  that  the  CCD  is 
responsive  to  near  infrared  radiation.  This  was  proven  by  observing  the  in¬ 
frared  radiation  reflected  from  grass  and  trees  both  before  and  after  placing 
a  visual  band-pass  filter  m  front  of  the  camera  lens.  According  to  the  manu¬ 
facturer,  the  sensor's  peak  sensitivity  occurs  at  about  .75  micron.  The  ob¬ 
servers  must  be  trained  in  the  use  of  this  equipment  in  that  the  resulting  pic¬ 
tures  are  formed  in  large  part,  from  invisible,  near  infrared  radiation.  The 
TV  images  will  not,  in  general,  conform  to  the  scene  as  viewed  by  human  eyes 

Several  laboratory  measurements  were  made  on  the  composite  video  signal. 
The  horizontal  sync  pulses  were  the  standard  64  rnic  ro seconds  apart  with  11 
microseconds  utilized  for  the  pulses  and  pedestal.  This  leaves  approximately 
53  microseconds  for  the  horizontal  video  information.  This  information  was 
obtained  by  sampling,  in  sequence,  the  100  silicon  detectors  on  a  horizontal 
line.  The  vertical  sync  pulses  occurred  at  a  rate  of  1  every  4.  3  milliseconds 
with  about  3.2  milliseconds  of  this  time  used  to  sample  the  ^0  interlaced  ver¬ 
tical  TV  lines.  During  a  portion  of  the  test  where  the  CCD  camera  was  origi¬ 
nally  attached  to  the  helicopter  (as  discussed  below),  the  ratio  of  video  ampli¬ 
tude  to  sync  pulse  amplitude  was  too  low  and  resulted  in  a  lower -than -optimum 
contrast  as  displayed  on  the  TV  set.  This  was  corrected  for  in  subsequent 
tests  and  much  improved  pictures  were  received. 


2.4  FLIGHT  TESTS 

The  CCD  camera  was  operationally  tested  in  two  modes:  hard  mounted  to 
a  UH-iH  helicopter,  and  free -falling  either  on  its  own  parachute  or  attached 
to  a  parajumper. 

The  helicopter  portion  of  the  test  involved  rigidly  mounting  the  CCD  camera, 
Sony  TV  camera,  and  a  Tektronix  light  meter  on  the  aircraft  so  that  all  units 
looked  at  the  ground  below  the  helicopter,  as  shown  in  Figure  6. 

Video  signals  from  both  the  CCD  and  standard  TV  camera  were  recorded  on 
separate  video  recorders  in  the  aircraft.  During  the  first  day  of  testing,  the 
video  signals  from  the  CCD  camera  were  also  transmitted  over  an  LWL 
developed  airborne  television  system.  These  signals  were  recorded  on  the 
ground  on  a  third  video  tape  recorder.  Voice  information  was  recorded  on 
all  three  tape  recorders  via  a  separate  radio  channel.  During  the  helicopter 
tests,  the  CCD  camera  used  a  zoom  lens  with  a  focal  length  set  mostly  at 
12-1/2  milPmcters  focal  length. 

The  procedure  for  the  aircraft-mounted  test  consisted  of  flying  over  selected 
target  areas  at  seven  altitudes  so  as  to  provide  ground  resolution  (in  the  ver¬ 
tical  direction  on  the  picture),  which  varied  from  10  feet  to  1/10  of  a  foot. 

The  two  major  target  areas  chosen  were  the  aircraft"boneyard"  at  the  PhilLps 
Army  Air  Field  at  Aberdeen  Proving  Ground  and  the  vehicle  "boneyard"  on 
Spesutie  Island  at  Aberdeen  Proving  Ground.  The  aircraft  area  is  shown 
in  Figure  7  and  contains  various  types  of  Air  Force  and  Army  aircraft  along 
with  engine  packing  cjrates.  The  vehicle  target  area  (Figure  0)  contained 
a  series  of  trucks,  tanks,  jeeps  and  105-mm  weapons  in  various  states  of 
d  is  repair. 

The  light  intensity  reflected  from  the  terrain  below  the  aircraft  was  measured 
with  a  Tektronix  Jl6  photometer  using  the  J8501  illuminance  probe.  This  probe 
measured  the  target  luminance  in  foot-lamberts  in  an  8 -degree  field  of  view 
directly  below  the  aircraft.  The  reflected  intensity  as  read  on  this  meter 
varied  from  a  low  of  200  it-lanibertf  to  as  high  as  700  ft-lamberts.  The  CCD's 
lens  opening  was  f / 1 6  for  all  of  the  helicopter -mounted  tests. 

Next, the  CCD  camera  was  dropped  from  the  helicopter  with  a  paratrooper. 

The  unit  was  encased  in  styrofoam  and  attached  to  the  parachute  harness  of 
the  paratrooper.  The  unit  survived  these  jumps  and  telemetered  to  a  ground 
station  uninteresting  pictures  of  the  grass  and  the  airfield  runways  at  Aber¬ 
deen  Provi n g  G r o un d . 
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FIGURE  7.  AIRCRAFT  BONE  YARD  TARGET  AREA  FOR  THE  PARADROPS 


Having  gained  confidence  in  the  survivability  of  the  CCD  package, 
the  unit  was  then  free-dropped  from  the  helicopter.  For  the  free- 
drop  situation,  the  17-pound  CCD  camera  package  was  rigged  as 
shown  in  Figure  9  (except  that  styrofoam  was  added  and  a  flexible 
cable  was  connected  between  the  antenna  and  transmitter) .  The 
10-millimeter  flush-mounted  lens  was  used  for  this  test  and  two 
100-inch  diameter  M485  illuminating  round  parachutes  were  at¬ 
tached  to  the  package.  The  unit  was  carried  to  either  a  1000-or 
2000  ft  altitude  above  the  ground  and  dropped  from  the  helicopter. 
The  camera  then  floated  to  the  earth  with  a  drop  rate  of  15  ft/ 
sec  transmitting  its  pictures  via  TV  channel  14.  On  the  ground, 
the  TV  receiver  monitored  these  received  signals  and  the  video 
was  recorded.  Paradrops  were  made  over  the  aircraft  boneyard  at 
Aberdeen  Proving  Ground  and  over  an  Engineering  Battalion  train¬ 
ing  area  at.  Fort  Sill,  Oklahoma.  The  CCD  camera  system  survived 
4  parachute  jumps  with  paratroopers  and  9  drops  on  its  own  with¬ 
out  any  ill  effects  (other  than  bending  and  breaking  several 
antenna  ground  plane  radials) . 

2 . 5  FLIGHT  TEST  RESULTS  AND  DISCUSSION 

Before  discussing  the  results,  it  is  appropriate  to  describe  some 
instrumentation  problems  that  affected  the  quality  of  the  pictures 
on  the  video  tape.  During  the  testing,  the  picture  quality  as 
displayed  on  the  monitor  was  excellent;  however,  upon  playback, 
it  was  found  that  the  recording  technique  produced  usable  but  not 
the  same  quality  pictures.  During  playback  of  the  recorded  tapes, 
the  TV  set  would  lose  synchronization  every  few  seconds  causing 
the  pictures  to  '’tear"  horizontally.  On  stop-action  playback, 
unsynchroni zed  lines  would  interfere  with  picture  quality.  The 
cause  of  this  trouble  appears  to  be  the  non- synchronization  of 
the  120  frame- per- second  video  being  recorded  on  the  video  re¬ 
corder  designed  for  50  frames- per- second .  The  solution  to  this 
problem  was  not  investigated. 

A  second  problem  occurred  in  attempting  to  photograph  the  played- 
back  images  from  the  monitor  using  conventional,  still,  film 
cameras.  The  tearing  problems  mentioned  above  during  stop-action 
prevented  single  video  frame  photography  from  being  made.  When 
the  TV  monitor  was  viewed  visually,  the  eye  integration  reduces 
the  effect  of  noise  and  increases  resolution.  The  subjective 
impression  when  viewing  moving  scenes  is  of  very  good  quality 
imagery.  Photographs  were  finally  produced  using  a  still  camera 
and  3000  ASA  Polaroid  film  at  1/50  second. 

The  effect  of  the  two  problems  mentioned  above,  plus  the  diffi¬ 
culty  of  matching  gray  scales  on  the  TV  and  Polaroid  film,  re¬ 
sults  in  the  pictures  for  this  report  depicting  a  lesser  quality 
of  image  than  received  on  the  TV  monitor.  The  reader  should  bear 
in  in  i  ii  d  that  the  displayed  image  is  far  superior  to  those  shown 
in  tills  report.  For  the  purpose  of  presenting  an  approximation 
of  better  image  quality  to  the  readers  of  this  report,  a  100  by 
100  TCP  camera  was  used  to  scan  the  photographs  presented  in 
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Figures  7  and  8.  Polaroid  photographs  were  then  made  directly 
from  the  TV  monitor  (i.e.,  without  the  tape  recorder)  of  this 
"simulated'’  data.  The  subjects  chosen  and  the  fields  of  view 
used  correspond  to  the  actual  video  tape  imagery  obtained  during 
the  field  tests. 

Polaroid  photographs  of  some  of  the  tape-recorded  video  signals 
and  the  simulated  data  are  shown  in  Figures  10  and  11.  Figure 
10  shows  a  sequence  of  photographs  as  the  vehicle  area  of  Figure 
8  was  overflown  at  various  altitudes  with  the  CCD  package  at¬ 
tached  to  the  helicopter.  Calculated  ground  resolutions  (in  the 
vertical  direction  on  the  photograph)  of  10',  5s c  2',  1‘,  0.5' 
and  0,25*  are  shown.  The  first  four  images  were  produced  with 
the  12.5  mm  focal  length  lens  set  at  f/16  to  provide  12.3°  ver¬ 
tical  field-of- view.  The  last  two  images  were  recorded  with  a 
20mm  focal-length  lens  (8.3°  f ield-of-view)  also  at  f/16.  This 
series  of  photographs  show  how  the  image  definition  improves  as 
the  ground  resolution  improves.  The  vehicles  are  detectable  in 
Figure  10  with  a  10-foot  resolution,  begin  to  be  recognized  with 
a  2- foot  resolution  (much  more  so  in  viewing  the  TV  monitor 
rather  than  the  photograph),  and  start  to  become  identifiable  with 
1/2  foot  resolution. 

It  should  be  pointed  out  that  the  total  field  of  view  for  this 
100  x  100  element  sensor  is  related  to  the  resolution  quoted  by 
a  factor  of  100  in  the  vertical  direction  and  133  in  the  hori¬ 
zontal  direction.  Thus,  the  1  foot  resolution  provides  a  100- 
foot  x  133  foot  total  field  of  view. 

Figure  11  shows  sample  views  obtained  when  the  CCD  camera  package 
was  para-dropped  over  the  aircraft  boneyard  area  of  Figure  7. 

The  two  photographs  were  taken  from  the  monitor  a  few  seconds 
apart  corresponding  to  a  CCD  camera  altitude  of  about  1500  feet 
above  the  ground.  The  camera  used  a  10  mm,  f/22  lens  which  pro¬ 
vided  vertical  resolution  of  4.5  feet.  The  aircraft  of  Figure 
11 A  were  directly  below  the  parachute  and  are  clearly  distinguish¬ 
able  from  the  buildings.  Figure  11B  was  taken  while  the  CCD  cam¬ 
era  package  was  swinging  about  the  view  of  Figure  11A.  This 
demonstrates  the  increased  field-of -view  obtained  from  the  oscil¬ 
lation  of  the  camera  under  the  parachute. 

The  swinging  and  rotation  of  the  parachute  did  not  produce  objec¬ 
tionable  pictures.  The  maximum  side-to-side  swing  obtained  during 
these  tests  was  in  the  order  of  20  degrees  with  a  peak-to-peak 
period  of  several  seconds.  This  swinging  provided  an  increased 
field  of  view  for  the  sensor  without  significant  smearing.  The 
CCD  camera  rotations  obtained  during  these  tests  resulted  from 
the  aerodynamic  spin  of  the  camera  when  dropped  from  the  air¬ 
craft  and  before  the  parachute  deployed.  The  worst  remaining 
rotation  rates  were  about  1/2  revolution  per  second  and  were  the 
only  annoying  portion  of  the  resulting  imagery.  These  fast  os¬ 
cillations  occurred  on  only  one  or  two  of  the  parachute  drops 
and  then  for  oniv  a  small  portion  of  the  descent. 
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10  B.  Vehicle  boneyard  with  a  5  foot  vert  irk-  ground  resolution 
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11  A.  Telemeterd  data  with  the  camera  looking  straight  down. 


1.1  B.  Telemetered  data  about  2  seconds  after  the  picture  in  Figure  11  A 
above .  Th i s  "extra1*  view  results  From  the  swinging  of  the  camera 
be  lew  the  parachute. 

i- ! Uf'h.  11.  cXIH  imugry  during  a  par adrop  of  the  aircraft  target  area  of 
i'  j  gun4  7.  1' !  rut  res  A  ij  B  are  deg  railed  images  nude  from  video 
tapes  recorded  during  the  actual  test.  Pictures  (  <i  D 
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These  tests  demonstrated  the  improved  picture  resolution  as  the 
CCD  camera  comes  closer  to  eartn.  The  fixed  field  of  view  at 
higher  altitudes  allows  a  larger  area  of  terrain  to  be  seen  but 
with  poor  resolution.  This  larger  area  contains  a  large  number 
of  terrain  features  which  increase  the  chances  of  locating  the 
position  of  the  imagery.  As  the  camera  falls,  the  resolution 
improves  but  the  total  area  of  view  becomes  smaller.  The  better 
resolution  allows  better  detection,  recognition  and  identification 
of  targets. 

Deploying  the  CCD  camera  over  a  selected  target  area  was  a  diffi¬ 
cult  tasK.  For  the  nine  helicopter  drops  in  two  different  loca¬ 
tions  on  two  different  days,  there  appeared  to  be  a  great  differ¬ 
ence  between  the  wind  at  ground  level  and  the  wind  aloft.  The 
helicopter  pilots  were  not  able  to  position  the  helicopter  and/ 
or  predict  the  wind  accurately  enough  to  allow  two  successive 
paradrops  over  the  same  path.  The  result  was  that  a  good  survey 
of  the  area  under  the  helicopter  was  obtained,  but  it  would  have 
been  impossible  to  obtain  a  second  drop  to  provide  greater  de¬ 
tail  of  some  picture  taken  on  a  previous  drop.  It  required 
approximately  10  to  20  minutes  between  paradrops  for  the  heli¬ 
copter  to  pick  up  the  camera  package  and  regain  altitude  for  the 
next  drop.  For  the  weapon  deployed  system,  a  faster  deployment 
rate  could  be  utilized  and  the  initial  precision  of  deploying  the 
CCD  camera  would  be  more  closely  controlled  than  could  the  heli¬ 
copter-deployed  camera  used  in  this  test  series.  This  may  improve 
the  ability  of  the  second  shot  to  retrace  the  path  of  the  first 
shot . 

Position  determination  of  the  imagery  can  be  performed  utilizing 
a  good  map  of  the  area  or  an  Analytical  Photometric  Positioning 
System  (APPS) .  Trials  were  run  using  a  simulated  paradrop  with 
the  CCD  camera  mounted  on  a  helicopter  and  replayed  for  an  APPS 
system  operated  by  personnel  from  the  Engineering  Topographic 
Laboratories.  Starting  from  an  altitude  which  provided  10  foot 
ground  resolution  and  utilizing  the  stop-action  capability  of 
the  tape  recorder,  the  APPS  operators  were  able  to  determine  the 
position  of  the  CCD  sensor  (helicopter  descending  at  a  rate  of 
about  15  feet  per  second  and  advancing  forward  at  about  20  knots). 
Using  this  technique,  the  APPS  operators  were  able  to  track  the 
CCD  sensor  and  to  locate  simulated  targets  with  respect  to  known 
terrain  features  such  as  road  junctions  and  buildings.  This  same 
technique  cculd  be  utilized  with  the  final  system;  however,  it  is 
vital  to  have  a  recording  capability  that  provides  the  stop-action 
(single  frame)  so  that  the  APPS  operator  will  have  sufficient 
time  to  locate  his  position  on  t  e  APPS  system. 

The  ultimate  CCD  system  should  provide  a  wide  field  of  view  to 
allow  the  detection  of  terrain  features,  and  should  also  provide 
good  resolution  to  allow  early  target  detection  and  identification. 
This  could  be  accomplished  with  the  100  x  100  element  sensor 
evaluated  for  this  test.  The  future  488  x  390  element  sensor 
should  provide  improved  capabilities. 
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2.6  CONCLUSIONS 

From  the  data  and  subjective  evaluation  of  the  CCD  system  several 
conclusions  can  be  drawn: 

2.6.1  The  100  element  x  100  element  CCD  camera  can  provide 
useful  imagery  for  many  military  applications.  Detection, 
recognition  and  identification  of  ground  vehicle,  aircraft  and 
artillery  weapon  targets  can  be  accomplished  from  the  pictures 
transmitted  back  by  the  100  element  x  100  element  CCD  sensor. 

2.6.2  The  total  field  view  for  the  transmitted  picture  is 
100  times  the  resolution  in  the  vertical  direction  by  133  times 
the  resolution  in  the  horizontal  direction.  This  results  in  a 
rather  narrow  total  field-of- view  and  requires  that  the  CCD 
camera  be  placed  accurately  over  the  target. 

2.6.3  An  artillery-launched,  parachute-deployed  aerial 
reconnaissance  system  using  the  CCD  technology  is  feasible  and 
can  be  fabricated  using  existing  technology. 

2.6.4.  The  swinging  and  rotation  of  the  CCD  system  as  it 
parachutes  to  earth  does  not  produce  objectionable  picture 
quality. 

2.6.5.  Improved  resolution  is  obtained  as  the  CCD  camera 
falls  toward  the  earth. 

2.6.6.  Deploying  the  CCD  camera  over  a  selected  target  area 
was  a  difficult  task. 

2.6.7.  Position  determination  of  the  imagery  from  the  Artil¬ 
lery  TV  can  be  performed  utilizing  either  a  good  map  or  an  APPS 
system. 

2.6.8.  The  ultimate  CCD  system  should  provide  as  wide  a 
field  of  view  as  possible. 

2.6.9.  The  concept  of  the  artillery  launched,  parachute 
dropped,  aerial  reconnaissance  CCD  TV  system  has  several  de¬ 
sirable  advantages: 

a.  It  can  be  packaged  in  existing  ISSmm  illuminating  shells 
(M-48S),  which  should  reduce  the  development  time  and  cost. 

b.  It  can  be  produced  cheaply  thus  allowing  deployment  and 
operational  control  at  the  battalion  level. 

c.  It  can  provide  surveillance  and  target  acquisition  unde r 
hostile  conditions  when  more  sophisticated  techniques  might  not 
be  deployed. 
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d.  It  can  provide  observation  on  the  "far  side  of  the  hill" 
which  cannot  be  seen  from  the  friendly  territory.  Line-of-sight 
to  the  target  is  not  required.  It  is  only  necessary  to  have 
radio  line-of-site  to  the  CCD's  transmitter,  and  the  visual  line- 
of-site  from  the  CCD  camera  to  the  target. 

e.  It  has  the  ability  to  go  to  the  enemy's  area.  This  pro¬ 
vides  a  closer  look,  with  "straight  down"  angles  and  imagery 
which  may  complement  other  viewing  methods  and  intelligence 
devices . 


2.6.10.  The  limitations  of  the  concept  include  the  following: 

a.  Unobscured  line-of-sight  from  sensor  to  target  is  required 
from  altitudes  at  which  radio  line-of-sight  exists  with  the  ground 
station.  The  system  will  not  be  able  to  see  through  clouds, 
heavy  ground  fog,  smoke,  etc.  However,  there  are  times  when 
ground  haze  limits  ground-to-ground  vision,  but  vertical  vision 

is  adequate  for  Artillery- launched  TV  use. 

b.  The  deployment  range  is  limited  to  the  range  of  the 
weapon.  The  M-485  round  has  a  maximum  range  of  14  kilometers 
at  Zone  7. 

c.  Positional  accuracy  of  deployment  will  be  limited  by  gun 
error  and  wind.  The  155mm  howitzer  has  a  CEP  of  about  200  meters 
for  the  M-485  illuminating  round.  The  nonpredictability  of  the 
winds  vs  altitude  over  the  target  area  may  cause  an  equally  large 
error.  (It  is  possible  that  this  parachute  TV  technique  could 

be  combined  with  anAPPS's  data  base  and  used  to  determine  wind- 
vs -altitude) . 
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SECTION  3 


SYSTEM  ANALYSIS 


3.  1  INTRODUCTION  AND  SUMMARY  OF  THE  SYSTEM 
ANALYSIS  EFFORT 

In  many  military  situations,  reconnaissance  of  enemy-controlled  areas  is 
desired  to  permit  more  effective  use  of  weapon  systems.  Because  of  the  » 

need,  many  devices  have  been  and  are  being  developed  within  the  Army  to 
assist  in  remote  detection,  identification,  and  location  of  targets  in  enemy 
territory.  One  such  technique,  which  would  be  more  cost-effective  than 
drones  and  RPV's  for  limited  reconnaissance  applications,  is  to  use  an 
artillery  shell  to  launch  a  parachute-carried  TV  system.  The  TV  camera 
would  point  down  at  the  ground  while  suspended  under  the  parachute  (simi¬ 
lar  to  the  standard  artillery  illuminating  round),  and  would  telemeter  back 
the  scene  that  it  sees  as  it  floats  downward.  The  telemetered  results  would 
be  displayed  in  a  safe  friendly  area,  both  on  a  TV  set  and  recorded  for  later 
playback  and  analysis  on  a  standard  TV  recorder.  The  implementation  of 
this  idea  and  technique  has  been  prevented  by  the  lack  of  available  TV  cam¬ 
era  tubes  that  would  withstand  the  shock  of  being  launched  from  an  artillery 
weapon.  Recent  developments  in  charge  coupled  devices  (CCD)  have  now 
made  it  feasible  to  fabricate  a  tele  vis  ion -type  sensor  that  has  potential  for 
withstanding  the  12  to  20,  OOOG's  of  acceleration  encountered  when  launch¬ 
ing  a  ]55-mm  artillery  shell. 

Under  Contract  No.  DA AD05 -74 -C -0732,  Fairchild  Space  and  Defense  Sys¬ 
tems,  a  Division  of  the  Fairchild  Camera  and  Instrument  Corporation,  con¬ 
ducted  a  study  program  to  establish  the  capabilities  and  limitations  of  artil¬ 
lery-launched,  pa  ra  chute  -ca  rr  ied  TV  reconnaissance  systems,  based  on 
Fairchild-developed  CCD  area  photosensor  arrays.  The  potential  of  such 
systems  was  demonstrated  in  actual  field  tests  of  a  CCD  TV  camera  system, 
using  the  Fairchild  CCD-201,  a  100  by  100  CCD  area  array  of  photosensors. 
The  work  under  this  contract  was  performed  from  3  December  1973  to  15  April 
1974.  This  section  of  the  report  presents  the  results  of  the  system  analysis 
efforts  carried  out  during  this  period. 

The  parameter  analysis  of  the  TV  Reconnaissance  System  is  given  in  para¬ 
graph  3.2  of  this  report.  It  was  determined  that  a  resolution  of  1  to  2  feet 
was  required  for  target  ident if i cation  and  2  to  5  feet  for  target  detection. 

The  TV  Reconnaissance  System  would  be  deployed  in  the  same  manner  as  the 
ISS-mtn  M485  illuminating  projectile  and  would  have  about  the  same  delivery 
accuracy,  200  meters  or  f»00  feet.  A  camera  system  using  the  Fairchild 
CCA  ID-48HA  sensor  array  and  a  0.  5-  inch  (<  cal  length  l'/2  lens  would  have  the 
following  ground  coverages  and  limiting  resolutions: 


At  2,  000  feet  altitude 
Ground  Coverage  . 
Resolution  . .  ,  * .  .  . 


1,380'  vertical  by 
2.8'  ve  rtical 
4.  7'  horizontal 
5.5'  diagonal 


1,  840  horizontal 

(These  terms 
refer  to  the  TV 
frame  format  , 


At  1, 000  feet  altitude 


Ground  Coverage . . .  690'  vertical  by  920’  horizontal 

Resolution .  1.4'  vertical 


2.3  5'  horizontal 
2.8'  diagonal 


At  lower  altitudes,  coverage  would  be  restricted  although  resolution  improves. 
Terrain  obstacles  and  multi-path  propagation,  however,  present  more  prob¬ 
lems  to  radio  communications  at  lower  altitudes.  To  avoid  operating  at  low 
altitudes,  increased  resolution  could  be  achieved  by  a  multi-focal  length  sys¬ 
tem  (either  a  lens  turret  ora  zoom  lens)  programmed  to  switch  continuously 
from  a  0.  5-inch  focal  length  lens  to  a  1.0-inch  focal  length  to  a  2.0-inch  focal 
length  and  back  to  the  0.5 -inch  focal  length,  etc.  This  system,  although  it  is 
more  complex  and  requires  mechanical  motion,  would  provide  the  same  dia¬ 
gonal  resolution  (0.  7  foot)  from  an  altitude  of  1,  000  feet,  that  £  0.  5-inch  lens 
would  give  from  250  feet.  Furthermore,  by  virtue  of  wind -induced  drifts, 
ground  coverage  would  be  much  increased. 


Dawn  to  dusk  performance  is  easily  achieved  by  the  system  configured  above 
It  is  estimated  that  such  a  CCD  TV  Reconnaissa,  e  System  could  operate  at 
ambient  illumination  levels  of  0.01  foot-candles,  an  illumination  level  about 
half  that  produced  bv  a  full  moon  under  dear  sky  conditions.  The  illumina¬ 
tion  levels  corresponding  to  moonless  night  time  conditions  range  from  10"^ 
to  10-5  foot-candles.  Consequently,  although  the  CCD  TV  camera  sensiti¬ 
vity  could  be  improved  to  allow  operation  at  illumination  levels  as  low  as 
0.001  foot -candles,  night  reconnaissance  is  best  carried  out  with  an  auxili¬ 
ary  illumination  source,  such  as  the  156-mm  M485  illuminating  projectile. 


Analysis  showed  that  a  carrier  frequency  of  about  2,000  MHz  was  optimum 
for  radio  communication  from  the  jxi  rachute -borne  TV  camera.  At  this  fre- 
uuency,  a  four-foot  diameter  parabolic  dish  receiving  antenna  and  a  2-watt 
KM  transmitter  provide  excellent  communications  over  the  maximum  10-mile 
range  of  the  TV  Keconnai usance  System.  A  multijvath  fading  margin  of  26<lb 
is  achieved  and  the  9"  bea.nwidth  of  the  receiving  antenna  requires  no  ela¬ 
borate  aiming  procedures.  When  the  receiving  antenna  is  at  the  launch  gun 
position,  antenna  azimuth  and  laun.'h  gun  azimuth  are,  for  all  practical  pur  - 
poses,  identical  and  two  mounts  can  be  slaved  to  one  another.  The  antenna 
beam  is  narrow  enough,  however,  to  d  i  s  c  r  i  u  i  ina  t  e  between  the  signals  from 
sever.il  did)  TV  came  ras  when  multiple  systems  are  deployed  at  the  same 
I  mie. 


The  CCD  TV  Reconnaissance  System  described  in  paragraph  3.  3  consists  | 

of  the  gun- launched  para  chute -borne  CCD  TV  camera-transmitter  unit  and  J 

a  ground  receiving  station.  The  airborne  unit  is  an  exact  duplicate,  as  to  J 

external  d  mansions ,  of  the  illuminant  package  in  the  standard  1 55 -mm  | 

M485  illuminating  projectile  and  would  be  used  in  a  similar  manner.  Eight  | 

seconds  after  the  primary  expelling  charge  deploys  the  canister  assembly  f 

and  drogue  parachute,  the  secondary  expelling  charge  would  deploy  the  CCD  J 

TV  camera-transmitter  unit  and  the  main  parachute.  The  camera  lens  is  f 

protected  from  the  blast  of  the  secondary  expelling  charge  by  a  protective  | 

plate,  which  falls  away  after  the  camera -transmitter  unit  is  expelled.  j 

The  camera -transmitter  unit  would  be  4-1/4  inches  in  diameter  by  about  | 

8  inches  long.  It  has  five  major  assemblies.  The  order  given  below  repre-  | 

sents  the  axial  position  of  the  various  assemblies  in  the  camera -transmitter  | 

unit. 

J 

1.  Housing  and  lens  assembly  J 

2.  CCD  TV  camera  and  power  supply  assembly  } 

3.  Battery  l 

4.  Timer  and  destruct  charge  assembly 

5.  RF  transmitter 


The  battery  would  be  energized  on  setback  and  provide  power  to  the  CCD  TV 
camera,  the  timer  and  destruct  charge  assembly,  and  the  RF  transmitter. 

The  system  is  operative  as  soon  as  the  battery  is  energized.  The  transmit¬ 
ting  antenna,  which  is  a  1-1/2  inch  quarter  wave  stub,  is  deployed  with  the 
main  parachute. 

The  ground  receiving  station  would  consist  of  a  four-foot  parabolic  dish 
antenna  that  would  be  positioned  in  azimuth  over  360“  but  have  only  limited 
coverage  in  elevation.  The  antenna  feeds  an  I'M  receiver  that  provides  a 
video  signal  to  a  standard  video  tape  recorder.  The  read  after  write  out¬ 
put  of  the  video  tape  recorder  is  displayed  on  a  standard  TV  monitor.  The 
video  tape  recorder  and  TV  monitor  can  be  remotely  located  from  the  FM 
receiver  when  a  suitable  communication  link  is  provided. 

It  is  estimated  in  paragraph  '.4  tliat  the  cost  of  the  CCD  camera -transmitter 
package  for  large  production  quantities  would  range  from  $600.  00  to  $1,  200.  00. 
This  price  includes  a  preliminary  estimate  of  the  CCD  array  cost  and  assumes 
that  the  Government,  vdll  furnish  materials,  «uGn  as  the  battery  and  the  des¬ 
truct  charge.  A  preliminary  estimate  of  the  CCA  ID -488A  cost  was  included 
because,  until  the  first  one  of  these  devices  is  made,  it  is  not  possible  to 
reliably  predict  the  production  costs  of  what,  in  semiconductor  terms,  repre¬ 
sents  a  huge  device;  much  larger  than  any  commercial  semiconductor  device 
being  made  today. 
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The  CCD  camera  round  is  identical  to  the  standard  M485  illuminating 
round  except  that  the  illuminant  package  is  replaced  by  the  CCD  camera- 
transmitter  package.  The  final  cost  of  a  camera  round  is  then  equal  to 
the  cost  of  an  M485  round  plus  the  differential  in  cost  between  the  camera - 
transmitter  and  illuminant  packages. 

The  proposed  follow-on  program  described  in  paragraph  3.5  presents  the 
design  and  development  of  a  CCD  camera  system  that  can  survive  the  launch 
environment.  The  CCD  camera  will  feature  a  0.5-inch  focal  length  lens  and 
the  CCAID-244A.  The  CCAID-244A  is  an  area  imaging  device  that  has  244 
rows  of  photosensors,  each  row  consisting  of  190  photoelements.  This  de¬ 
vice  is  now  in  the  early  stages  of  fabrication. 

All  of  the  operational  characteristics  of  the  final  system  can  be  proven  out 
in  this  proposed  follcw-on  program,  since  the  CCAID-244A  is  equivalent, 
except  in  size,  to  the  CCAID-488A.  Most  importantly,  the  proposed  pro¬ 
gram  will  have  demonstrated  that  a  CCD  came ra -transmitter  system  can 
be  packaged  inside  the  canister  of  the  M485  illuminating  projectile;  that  it 
can  survive  launch;  that  it  can  gather  useful  reconnaissance  data  and  that 
it  can  transmit  these  data  to  a  safely  located  command  post. 

3 . 2  TV  RECONNAISSANCE  SYSTEM  PARAMETER  ANALYSIS 

3.2.  1  Reconnaissance  Target  Characteristics 

The  military  force  having  cognizance  over  the  TV  reconnaissance  system 
has  a  need  foe  both  broad  area  and  limited  area  reconnaissance  coverage. 
There  is  a  general  need  to  assess  the  enemy  held  territory  behind  the  FEBA 
as  to  the  determination  of  the  general  topography,  the  location  of  identifica¬ 
tion  points  and  the  deployment  of  the  enemy  forces.  These  is  also  a  parti¬ 
cular  need  to  monitor  known  key  coordinates  such  as  crossroads,  strong 
points  and  railroad  yards.  The  general  need  requires  wide  coverage  at 
moderate  resolution,  whereas  the  particular  need  requires  high  resolution 
but  usually  at  narrow  fields  of  view  and,  in  addition,  accurate  placement 
of  the  camera.  Moderate  i  solution  allows  for  target  detection  and  high 
resolution  for  target  identification. 

The  resolution  required  for  damage  assessment  and  surveillance  fora  wide 
range  of  military  targets  is  given  in  Table  1.  This  tabulation  indicates  that , 
for  the  local  battlefield  conditions,  a  resolution  of  2-5  feet  is  desirable  and 
that  the  worst  resolution  should  not  exceed  20  feei,  and  preferably,  10  feet. 

The  required  coverage  for  a  particular  target  will  vary  widely.  For  example, 
examining  a  crossroad  junction  for  military  truck  traffic  requires  a  resolu¬ 
tion  ranging  from  1-2  feet  for  identification  to  10  feet  for  detection.  Even  a 
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TABLE  1 

RESOLUTION  REQUIRED  FOR  DAMAGE  ASSESSMENT 
AND  SURVEILLANCE 


ITEM 

MINIMUM  KEY 

REQUIRED 
RESOLUTION  (Ft.  ) 

Major  Cities 

Structures;  buildings 

200 

General  Area 

Large  Structures 

100 

Major  mfg.  buildings 

Buildings 

30 

Supply  Dumps -Depot 

Pattern 

20 

Power  Plants 

Buildings 

20 

Helicopter  Landing  Pads 

Pad 

20 

Military  Vehicles 

T  ruck 

20 

Mil.  Water  Traffic 

Ships/Barges 

20 

Mil.  Air  Traffic 

Parked  Aircraft 

BO 

RR  Tracks,  Yards 

Area  Pattern 

10 

Missile  Launch  Sites 

Pattern 

10 

Aircraft  Type 

Aircraft 

10 

Assault  Guns 

Gun 

10 

Command  Vehicles 

T  rucks 

10 

Missile  Launches 

Launcher 

5 

Combat  OPS  (Pers) 

Small  Groups 

5 

Mortars 

Gun 

5 

Arm.  Pers.  Carriers 

T  ruck 

5 

T  ank 

Turret,  Gun  Details 

2 

Power  Lines 

Wire  &  Poles 

2 

Launch  Site  Details 

Pattern 

2 

Missile  Component 

Pattern 

2 

Recoilless  Rifle 

Rifle 

10  5mm  Howitzer 

Barrel,  Wheels 

O 

r 

>— > 

O 

Radar/ Comm.  Inst. 

Antenna  Shape  &  Pattern 

0.5-  1.0 

Air  Defense  Missile 

Launch  Details  ft  Nose  Shape 

0.  25  -  0. 50 

Personnel 

Individual 

0.  25  -  0.  50 

Aircraft  (Details) 

Engines,  Weapons  Racks 

C.  25  -  0.  5  0 

major  crossroad  junction  would  not  covei  as  much  as  200  feet  in  either 
direction.  On  the  other  hand,  a  major  supply  dump  or  depot  can  extend 
2,000-5,000  feet  in  both  directions.  Furthermore,  typical  South  Viet¬ 
namese  strongpoints  had  a  3,000-foot  diameter.  This  gives  the  approxi¬ 
mate  range  of  coverage  required  for  targets  of  interest.  Since  the  mili¬ 
tary  force  having  cognizance  over  the  TV  reconnaissance  system  will  be 
concerned  with  all  of  the  enemy  territory  within  the  range  of  its  artillery, 
reconnaissance  over  a  much  larger  area  is  needed  and  a  single  gun-launched 
TV  camera  round  would  not  be  able  to  cover  all  of  this  area  at  adequate 
resolution.  Multiple  rounds  will  probably  be  needed .  The  coverage  pro¬ 
vided  by  a  single  round  versus  the  ground  resolution  desired  comes  down 
eventually  tc  a  question  of  cost  effectiveness  and  operational  use. 

The  gun- launched  CCD  TV  camera  has  sufficient,  sensitivity  to  operate 
from  dawn  to  dusk  (illumination  levels  in  excess  of  100  foot-candle3 )  with 
very  good  picture  quality.  Daylight  reconnaissance  provides  intelligence 
as  to  the  denloyment  of  the  enemy  forces  and  gives  data  as  to  the  general 
terrain  topography.  However,  night  reconnaissance  is  required  to  get 
timely  information  on  enemy  movements  as  the  enemy  will  generally  move 
under  the  cover  of  darkness.  The  CCD  TV  camera  can  operate  under  full 
moonlight  conditions  (0.02  foot-candles)  and  somewhat  less  if  lens  and  ar¬ 
ray  performance  is  improved  but  the  camera  will  not  be  able  to  work  under 
moonless  conditions  (10-^  to  10"^  foot-candles  of  illumination  ).  For  com¬ 
plete  night  reconnaissance  capability,  the  CCD  camera  system  will  require 
auxiliary  illumination  such  as  could  be  provided  by  the  standard  155-mm 
illuminating  projectile. 

3.2.2  TV  Reconnaissance  System  Deli  very 

The  accuracy  with  which  the  reconnaissance  system  can  be  placed  on  target 
depends  on,  in  addition  to  other  factors,  the  type  of  surveillance  to  be  carried 
out.  Two  cases  can  be  considered;  (1)  general  surveillance  applications 
wherein  intelligence  information  is  obtained  by  means  of  a  programmed 
search  oatternand  (2)  surveillance  of  locations  at  preselected  map  coordinates. 

When  a  programmed  search  pattern  is  initiated,  the  first  TV  camera  round 
will  have  errors  in  both  plan  position  and  deployment  altitude.  These  errors 
would  also  apply  to  surveillance  of  locations  at  preselected  map  coordinates. 
From  the  observed  scale  in  the  telemetered  imagery,  the  actual  deployment 
altitude  can  be  determined  and  the  appropriate  adjustments  made  to  achieve 
the  desired  deployment  altitude  on  the  second  round.  In  a  programmed 
search  pattern  surveillance  mode,  the  plan  position  errors  obtained  with  the 
first  TV  camera  round  and  the  .subsequent  altitude  correction  round  are.  not 
significant.  Subsequent  TV  camera  rounds  would  be  offset  ;u  curately  from 
the  initial  rounds  by  incremental  adjustments  to  Fuze  Setting  (FS),  Quadrant 
Elevation  (QE )  ami  Chart  Deflection  (CD).  The  entire  search  jiatte  rn  might 
lie  shifted  somewhat  from  the  desired  search  pattern  but  surveillance  of  Ue 
region  of  interest  would  be  essentially  complete. 
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Surveillance  of  target  locations  at  preselected  map  coordinates  is  much 
more  demanding  inasmuch  as  camera  position  as  well  as  camera  altitude 
must  be  established.  The  errors  in  the  deployment  of  the  first  Tv  cam¬ 
era  round  can  be  dete-mined  by  examining  the  telemetered  imagery  just, 
as  the  errors  in  the  delivery  or  ordinary  artillery  rounds  are  determined 
by  a  forward  observer.  The  Analytical  Photo gra mm etric  Position  Loca¬ 
tion  System  can  be  used  in  this  context  to  track  the  location  and  orienta¬ 
tion  of  the  camera  if  the  field  of  view  contains  recognizable  features. 

The  CCD  TV  camera  will  be  deployed  in  exactly  the  ec.me  way  as  is  the 
illuminant  in  the  M485  illuminating  projectile.  At  a  fixed  time  delay  after 
launch,  which  depends  on  the  fuze  setting,  the  primary  expelling  charge  is 
ignited.  The  explosion  forces  the  drag  parachute  and  canister  assembly 
against  the  base  plate,  shearing  the  pins  that  hold  the  plate  in  place  and 
expelling  the  parachute  and  canister.  When  the  parachute  and  canister  as¬ 
semblies  hit  the  airstream,  the  drag  parachute  deploys,  and  the  anti¬ 
rotation  fins  unfold  to  slow  the  spin  of  the  canister.  The  parachute  and 
fins  act  together  to  reduce  the  canister  velocity  and  spin  to  much  smaller 
values  than  those  at  initial  expulsion  and  this  action  takes  place  very  quickly. 
After  about  8  seconds,  the  delay  element  in  the  base  of  the  canister,  which 
was  ignited  by  the  primary  expelling  charge,  burns  through  and  ignites  the 
secondary  expelling  charge,  which  then  ejects  the  main  parachute  and  the 
CCD  TV  camera  from  the  canister  assembly.  The  main  parachute  then  de¬ 
ploys,  suspending  the  CCD  TV  van. era  below  it  with  an  average  descent  rate 
of  15  feet  per  second.  The  orientation  of  the  CCD  TV  camera  in  azimuth 
if.  a  random  variable  and  cannot  be  predetermined.  The  camera’s  line  of 
sight  will  be  essentially  vertical.  Under  the  influence  of  the  winds,  the  cam¬ 
era  will  drift  horizontally  and  its  line  of  sight  may  deviate  from  the  vertical  . 
Swaying  with  an  amplitude  of  10°  to  30°  may  c<  cur.  The  camera's  altitude 
and  plan  position  at  deployment  are  determined  by  the  gun  and  .arget  coor  ¬ 
dinates,  the  gun  settings  of  FS,  QE  and  CD,  and  the  eflrcfcs  of  air  tempera¬ 
ture,  air  density,  wind,  earth  rotation,  propellant  temperature,  and  gun  oar  - 
rel  wear  and  temperature.  The  introduction  to  the  firing  tables  lor  the  M485 
illuminating  projectile  states  that  adjustments  to  the  deployment  position  are 
■-a  rely  made  to  greater  accuracy  than  200  meters  of  the  desitrd  location. 

This  can  reduce  the  effectiveness  of  the  TV  Reconnaissance  System  or  ne-es  - 
s  itate  use  of  a  second  round .  For  example,  at  a  resolution  oi  2  feet  per  TV 
line,  a  50C -element  TV  sensor  would  cover  a  1 , 000- foot  wide  area  on  the 
g  round  but  with  a  6  00- foot  1200  meter)  error  in  deployment  position ,  only 
*00  feet  of  this  coverage  would  be  in  the  desired  target  area.  Improving  de¬ 
ployment  accuracy  is  very  desirable  but  the  difficulty  of  a.  comj.T  ishing  thin 
under  hattit  .fir  id  conditions  must  be  determined.  Both  camera  swaying  and 
horizontal  dr. ft  serve  to  iru  rease  camera  covet  age  and  minimize  the  need 
for  improved  deployment  accuracy. 
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The  maximum  charge  that  can  be  used  with  the  M485  illuminating  projectile 
is  Charge  6W,  which  consists  of  propelling  charge  M4A1,  base  section  3  and 
increments  4,  5  and  6.  For  this  maximum  charge,  the  muzzle  velocity  is 
472  meters /second.  The  maximum  range  to  the  target,  for  the  nominal  600- 
rnefcer  ilium  in  ant  ignition  height,  is  11,400  meters. 

The  M565  fuze  used  with  the  M485  illuminating  projectile  can  be  set  to  0.  i - 
second  increments.  At  the  maximum  muzzle  velocity  of  472  meters /second, 
the  projectile  travels  47.2  meters  in  0.  1  second.  At  the  45®  trajectory 
angle  corresponding  to  the  maximum  range,  the  horizontal  (and  vertical)  dis¬ 
placement  for  a  0.1-second  increment  is  33.3  meters  or  about  100  feet.  This 
is  a  worst  case  value,  since  maximum  range  was  used  and  no  allowance  was 
made  for  the  decrease  in  projectile  velocity  due  to  ballistic  drag. 

Fuze  setting  changes  must  also  be  made  to  compensate  for  changes  in  muz¬ 
zle  velocity,  range  wind,  air  temperature,  air  density  and  projectile  weight. 
The  maximum  values  for  eazh  of  these  fuze  setting  changes  are  about; 


Muzzle  Velocity  . 0.06  second  per  1  meter/second  change 

Range  Wind.  0.  02  second  per  1  knot 

Air  Temperature  .....  0.04  second  per  1%  change  (59“F  sfcd.) 

Air  Density  .  0.  06  second  per  1%  change 


Projectile  Weight.....  0.06  second  per  1.  1  pound  change 

Unless  these  corrections  are  carefully  made,  the  fuze  settings  may  be  in 
error  by  many  times  the  0.  i -second  increments.  For  example,  every 
1000  rounds  the  muzzle  veloc  itv  decreases  by  about  2  meters /second.  Fur  ¬ 
thermore,  at  either  .10  °F  or  130°F,  the  muzzle  velocity  change  due  to  the 
change  in  propellant  temperature  fr.  m  the  standard  70°  F  value  is  about  9 
meters  /second.  The  maximum  fuze  setting  change  is  about  0.  5  second  for 
this  va r ia fc ion  alone. 

Under  battlefield  conditions,  it  is  debatable  how  many  of  these  corrections 
will  be  properly  applied.  The  2.00  met*  r  delivery  a  ccuracy  mentioned  pre¬ 
viously  is  probably  a  very  good  value  for  unobserved  artillery  fire.  Conse¬ 
quently,  in  a  given  situation,  the  TV  Reconnaissance  System  could  require 
two  or  more  rounds  to  achit/e  effective  reconnaissance .  The  first  rounds, 
as  previously  stated,  would  be  used  as  forward  observers  and  the  informa¬ 
tion  obtained  from  them  usied  to  correct  the  gun  settings. 

!,u  a  given  observation  situation,  the  desired  surveillance  coverage  could 
range,  from  200  feet  to  5,  000  feet.  Because  of  deployment  inaccuracies, 
the  camera  coverage  must  be  somewhat  larger. 

For  the  nurjxisea  of  determining  camera  .coverage,  the  deployment  error 
for  both  altitude  and  plan  coordinated  is  assumed  to  be  200  meters  (ewfi'JO 
feet).  The  required  camera  coverage  is  then  equal  to  the  desired  sun  eil- 
Ritu'.e  cove  rage  plus  2  x  600  feet  at  the  nominal  6 00- meter  deployment  alt; 
Uade  .  At  a  burst  height  of  4  00  meters  oo  r responding  to  a  200  -  meter  e  >  ro  r 
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in  deployment  altitude,  the  camera  coverage  is  2/3rds  of  this  value.  Conse¬ 
quently,  the  nominal  camera  coverage  must  be  150%  of  the  value  given  by  the 
formula  cited  above.  At  narrow  angles  of  view  camera  swaying  increases 
coverage  twofold  with  somewhat  smaller  increases  at  wider  angles  of  view 
(1.4x).  This  consideration  is  reflected  in  the  following  table: 


i - 

Desired  Surveillance 

Area 

Required  Camera 

Covera  ge 

200'  x  200' 

400'  x  400' 

SCO'  x  3 00  ' 

1, 600'  x  1, 600' 

3,200  x  3,200' 

1, 050'  x  1, 050' 

1, 320'  x  1,  320' 

1, 800’  x  1,  800' 

2, 730'  x  2, 730' 

4,  620'  x  4,  620' 

3.2.3  CCD  TV  Camera  Performance 

3.  2.  3.  1  CCD  Sensor  Cha  racier i sties 

There  are  five  CCD  area  photosensor  arrays  currently  being  produced  or 
under  development  by  Fairchild.  These  are  the  following: 


1 .  CCA  ID-  10  J  , CCD-201  ) 

2.  CCA  fD  -  24 4 A 

3.  CCA  ID -24413 

4.  CCA  ID  48 8 A 

5.  CCA  ID  -48 811 

The  CC  AID  -  1 00  (CCD-201)  is  the  device  used  in  the  flight  tests  performed 
under  this  contract,  it  is  a  100  by  100  element  array  of  photosensors  with 
a  cell  s j ;-,e  that  is  1.2  mile  by  Id'  mils.  The  photosensor  area  is  approxi¬ 
mate  2y  0 .  h  mil  by  1,2  mils,  the  re  at  of  the  cell  consisting  of  opaqued  trans¬ 
fer  ijid  storage  electrodes.  The  on-chip  amplifier  is  a  dual  differential  am 
pltfier  that  has  demonstrated  a  mdse  equiva  lent  exposure  in  the  laboratory 
of  about  10  0  e  lec  t  ran  a  at  d  S  (  and  a  video  li  equency  of  I  MHz. 


The  CCAID -244A,  currently  being  fabricated,  features  a  244  by  190  matrix 
of  photosensors.  It  has  column  anti-blooming  and  three  output  amplifiers. 
These  are  a  dual  differential  amplifier  (DDA),  a  floating  gate  amplifier(FGA ) 
and  a  distributed  floating  gate  amplifier  (DFGA).  A  noise  equivalent  expo¬ 
sure  of  10-40  electrons  is  expected  for  the  FGA  and  DFGA  structures  when 
the  array  is  cooled  to  -  50  °C  to  eliminate  dr  rk  current  noise.  The  cell  size 
is  0.71  mil  by  1.18  mils  with  a  photosensor  size  of  0.4  mil  by  0.71  mil. 

The  CCAID  -244B  is  identical  to  the  CCAID  -244A  except  that  it  employs  a 
gateless,  self -aligned  structure  for  the  CCD  storage  registers.  The  cell 
size  is  the  same  but  the  photosensor  size  is  increased  to  0„55  mil  by  0.'  1 
mil.  This  makes  for  increased  sensitivity.  This  device  is  under  deve.'  p- 
ment. 

The  CCAID -483A  is  a  larger  version  of  the  CCAIE*-244B.  It  features  a  488 
by  380  matrix  of  photosensors  and  is  directly  equivalent  in  performance  to 
a  standard  525-line  TV  camera  tube.  The  image  diagonal  is  0,5”. 

The  CCAID -488B  is  a  very  large  chip  designed  for  low  light  level  applica¬ 
tions.  The  488  by  380  matrix  of  photosensors  features  a  1.  18 -mil  by  2.  09- 
mil  cell  size  with  a  photosensor  size  of  1.  18  mils  by  1.46  mils.  The  photo  - 
sensitive  area  is  four  times  larger  than  that  ot  the  CCAID-488A  and,  there¬ 
fore,  the  CCAID-488B  will  be  four  times  more  sensitive.  The  pohtosensor 
diagonal  is  1”.  This  device  is  currently  in  the  design  stage.  Because  of  its 
very  large  chip  size,  the  CCAID -488  will  be  a  very  expensive  device  and 
should  be  used  only  in  those  applications  where  its  performance  justifies  the 
increased  cost. 

3. 2. 3. 2  Camera  Lens 

The  major  factors  bearing  on  the  design  of  the  camera  lens  are.: 

1.  The  lens  must  survive  the  projectile  launch. 

2.  The  lens  field  of  view  must  meet  the  system 
requirements  . 

3.  The  lens  should  have  aperture  for  maximum 
camera  sensitivity. 

4.  The  lens  should  have  good  modulation  transfer  at 
the  spatial  frequencies  corresponding  to  the  CCD 
arrays  used.  This  good  response  must  be  obtained 
in  the  silicon  spectral  band  ranging  from  0.4  to  1.0 
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micron , 


The  strength  of  optical  glass  is  influenced  far  more  by  configurational 
and,  in  particular,  surface  features  than  by  composition  and  basic  modu¬ 
lus  of  elasticity.  Although  the  "ultimate"  strength  of  glass  under  ideal 
conditions  can  be  as  high  as  1,000,  000  pounds  per  square  inch,  the  engi¬ 
neering  tensile  strength  of  conventional  glasses  is  frequently  given  as 
1, 000-2,  000  pounds  per  square  inch.  Impact  loading  over  small  areas 
causes  glass  to  crack  at  areas  where  surface  flaws  or  stress  concentra¬ 
tions  exist.  Conventional  lens  constructions  wherein  the  lens  elements 
are  supported  rigidly  by  metal  rings  at  their  edges  would  not  survive 
launch.  At  some  sacrifice  to  aperture,  the  lens  elements  could  be  elas¬ 
tically  supported  over  a  large  area  using  silastic  or  similar  material. 

This  technique  would  avoid  stress  concentrations  and  allow  lenses  made 
in  this  manner  to  survive  launch. 

Reducing  lens  dimensions  is  another  method  that  can  be  used  to  insure 
launch  survivability.  Mass  decreases  as  the  cube  of  the  lens  dimensions, 
whereas  shear  areas  can  be  made  to  decrease  directly  with  the  lens  dim¬ 
ensions.  The  lens  dimensions  are  subject  somewhat  to  system  require¬ 
ments;  focal  length  is  determines  by  the  CCD  array  element  size  and  the 
desired  ground  resolution  and  deployment  altitude.  The  lens  size  is  most 
eas ily  dec reased  by  decreasing  lens  aperture.  This,  of  course,  decreases 
system  sersitivity,  but  it  will  be  shown  that  the  CCD  camera  system  has 
adequate  sensitivity  even  at  reduced  apertures. 

Wide  angle  lenses  of  a  given  focal  length  are  much  larger  than  lenses  of 
the  same  focal  length,  which  have  normal  or  narrow  fields  of  view.  This 
makes  for  less  launch  survivability.  As  general  rule,  therfore,  the 
CCD  camera  shoaid  not  use  a  wide  angle  .ens,  A  wide  angle  lens  is  de¬ 
fined  here  as  a  lens  whose  image  diameter  is  larger  than  its  focal  length. 

The  spatial  frequencies  corresponding  to  the  limiting  diagonal  resolution 
for  each  of  the  CCD  photosensor  arrays  described  in  paragraph  3.2.3.  1 
a  re : 


CCA  ID  -  100D. 
CCA  ID  -244A. 
CCA  ID-244B. 
CCA  ID- 48  8A. 
CCA  ID  -  48  8  B. 


.  .  .  .  10  line  pairs /mm 
.  .  .  .  17.  5  line  pairs  /mm 
.  ,  .  .  17.5  line  pa  i r s  /mm 
.  ,  .  .  17.5  1  m  e  pa  ir  s  /mm 
.  .  .  .  10  line  pairs/ mm 


These  spatial  frequencies  are  rather  low  and  should  present  no  difficulties 
to  the  lens  design  effort.  The  spectral  bandwidth  from  0.4  to  ].  0  micron 
is  rather  wide  from  a  conventional  photographic  viewjjomt  but  does  not 
represent  a  difficult  design  problem.  Fairchild,  m  another  program,  modi¬ 
fied  a  eonvential  f/1.0  lens  design  to  achieve  a  modulation  transfer  of  0.83 
at  20  line  pairs  per  millimeter  over  the  lull  0.4  1.0  micron  bandwidth. 
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Field  -of -View  (FOW)and  Resolution 


The  resolution  and  field-of- view  can  be  given  in  terms  of  matrices  relating 
altitude  and  sensor  type  to  the  appropriate  parameter  for  a  particular  lens 
focal  length.  This  gives  an  immediate  appreciation  for  camera  performance 
not  given  by  the  equations  relating  the  various  parameters. 

The  lens  focal  lengths  considered  in  Tables  2  through  5  are  50mm,  25mm, 
12.5  mm  and  6  mm  (2n,  1",  0.5”  and  0.25",  respectively).  When  the  sen¬ 
sor  diagonal  exceeds  the  lens  focal  length,  this  corresponds  to  a  wide  angle 
lens  and,  as  such,  would  not  be  suitable  for  the  system.  Such  values  will 
be  marked  with  an  asterisk  in  the  matrices. 

The  resolutions  given  correspond  to  the  sensor  element  diagonal.  Some¬ 
what  smaller  limiting  resolutions  pertain  to  the  x  and  y  sensor  element 
spacings.  For  example,  at  an  altitude  of  2,  000  feet,  the  CCAID-488A 
achieves  a  ground  resolution  of  2.8  feet  (diagonal  measure)  with  a  1-inch 
focal  length  lens.  The  corresponding  vertical  and  horizontal  limiting  reso¬ 
lutions  are  1.4  feet  and  2.35  feet.  Vertical  and  horizontal  as  used  here 
refer  to  the  rectangular  TV  picture  format. 

At  an  altitude  of  2,  000  feet,  excellent  ground  coverage  is  achieved  for; 

1.  the  CCAID-244  used  with  a  1/4"  lens 

2.  the  CCAID-488A  used  with  a  1  /2"  lens 

3.  the  CCAID-488B  used  with  a  1"  lens 

The  ground  resolutions  achieved  are  respectively  II',  5.5'  and  4'  (diagonal 
measure ). 

A  tank  with  dimensions  10'  by  20'  can  be  imaged  at  the  1  1'  resolution  by  a 
2  by  2  array  of  photosensors  (4  sensor  elements).  This  yields  marginal 
detection.  At  the  5.  5'  resolution,  the  same  tank  can  be  imaged  by  a  4  by  4 
array  (16  sensor  elements).  This  gives  good  detection.  When  the  altitude 
is  reduced  to  1,000  feet,  the  5.5'  resolution  goes  to  2.8’  and  the  tank  would 
be  imaged  by  an  8  by  8  array  (64  sensor  elements).  Very  good  tank  identifi¬ 
cation  would  then  be  achieved  including  perhaps  some  measure  of  damage 
assessment.  This  is  cons  istent  with  the  1.4'  vertical  and  2.35'  horizontal 
resolution  that  iB  actually  achieved. 

Examination  of  the  matrices  points  up  the  fact  that  the  best  ground  coverage 
and  the  best  resolution  cannot  be  achieved  at  the  same  time.  Good  coverage 
(1,380'  by  1 , 840 ' )  fo  r  the  CCAID-488A  may  require  a  1/2"  focal  length  lens 
but  high  resolution  (2.8'  diagonal  measure)  requires  a  1"  focal  length  lens. 

A  multi -  focal  length  system  may  be  indicated. 


Camera  Altitude 


RESOLUTION  AND  GROUND  COVERAGE 


Camera  Altitude . 500 


RESOLUTION  AND  CROUND  COVE 


Camera  Altitude.  .....  250 


There  are  two  possible  approaches,  a  lens  turret  or  a  zoom  lens.  A  lens 
turret  can  contain  lenses  of  1/2",  1"  and  2"  focal  lengths.  By  automati¬ 
cally  indexing  the  turret  to  each  of  these  lenses  in  turn,  both  good  resolu¬ 
tion  and  good  coverage  can  be  achieved  before  the  altitude  of  the  camera 
has  changed  appreciably.  The  same  results  can  be  achieved  with  a  zoom 
lens.  For  example,  Canon  manufactures  an  f/1,8  zoom  lens  that  zooms 
from  a  12  mm  (-..1/2")  focal  length  to  a  50  mm  (2")  focal  length.  This  lens 
design  can  be  the  starting  point  for  a  launch-survi vable  design.  In  any 
event,  the  advantages  of  a  multi-focal  length  system  must  be  weighed  against 
the  increase  in  system  cost  and  complexity. 

The  lens  turret  and  its  driving  mechanism  can  be  a  fairly  simple,  reliable 
device.  The  major  disadvantage  is  that  the  longest  focal  length  lens  esta¬ 
blishes  the  axial  length  of  the  mechanism.  Consequently,  a  larger  volume 
is  required  for  the  lens  turret  assembly. 

Less  volume  is  required  for  a  zoom  lens.  However,  the  mechanical  move¬ 
ments  required  are  axial  (in  the  direction  of  the  launch  set-back).  This  com¬ 
plicates  the  design  of  a  driving  mechanism  that  can  survive  launch. 

It  should  be  noted  that  ground  coverage  is  not  simply  a  function  of  lens  angle 
of  view  but  also  depends  on  the  winds  and  camera  sway.  A  3  0 -knot  wind 
corresponds  to  a  50-foot  per  second  horizontal  velocity  for  the  camera.  By 
the  time  the  CCD  TV  camera  descends  1,000  feet  at  the  parachute's  15  feet- 
per-second  rate,  a  30-knot  wind  will  have  blown  it  sideways  by  more  than 
3,000  feet.  Normally,  better  resolution  of  a  target,  is  achieved  when  the 
camera  descends  to  a  lower  altitude.  Under  the  influence  of  winds,  how¬ 
ever,  the  target  may  no  longer  be  within  the  field -of  -  view  when  the  lower 
altitude  is  achieved.  A  variable  focal  length  system  would  provide  both 
the  synoptic  (overall)  view  and  the  high  resolution  imagery  before  the  tar¬ 
get  of  interest  drifts  out  of  the  f ield-of- view. 

Figure  12  shows  the  ground  coverage  achieved  by  the  CCAID-488A  v/ith  a 
0.5"  focal  length  lens  for  three  different  wind  conditions;  a  3 0-knot  wind, 
a  15-knot  wind  and  dead  calm.  The  50-knot  wind  provides  as  much  as  four 
times  the  ground  coverage  ac  hieved  under  no  wind  conditions.  Again,  a 
variable  focal  length  system  would  provide  considerably  greater  reconnais¬ 
sance  information. 

Finally,  ground  coverage  dec  reases  very  rapidly  as  the  camera  altitude 
drops  below  1,000  feet.  At  1,000  feet,  the  coverage  is  only  one-quarter 
that  af  2,000  feet,  and  at  500  feet  the  coverage  is  only  one  -  s  i  x  teen  th.  Radio 
communication  becomes  increasingly  more  difficult  at  hover  altitudes  due 
to  line  ot  sight  limitations  and  multi  >  path  propagation.  The  paucity  of  recon¬ 
naissance  information  that  is  obtained  at  these  lower  altitudes  mitigates 
against  trying  to  communicate  under  these  sjcecial  handicaps.  It  further 
reinforces  the  case  fo  r  a.  variable  focal  length  system . 
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3. 2. 3,4  Image  Motion  Cona ide ration s 

Image  motion  arises  from  angular  and  translational  velocities  of  the  CCD 
TV  camera  during  its  parachute  descent.  Zooming  a  lens  also  produces 
image  motion  because  of  the  scale  changes  achieved. 

The  image  diagonal  corresponding  to  a  single  photosensor  element  is  about 
1  mil  (0.  001")  for  the  CCAID-488A.  For  the  various  lens  options  discussed 
previously,  the  angular  resolutions  achieved  are: 


1. 

2"  focal  length 

o 

o 

o 

2. 

1  "  focal  length 

0.  06° 

3 . 

0.  5"  local  length.  .  . 

0.  12° 

4. 

0.  25"  focal  length  .  . 

0.  24° 

At  the  standard  TV  frame  rate  of  30  frames  per  second,  the  effective  expo¬ 
sure  time  is  1/3 0th  of  a  second.  At  3  0  frames  per  second,  the  angular  rates 
that  would  produce  image  smear  equal  to  an  element  diagonal  ('he  limit  of 
detectability  for  image  smear)  are: 

1.  2 "  focal  length  ...  0.9° /second 

2.  1"  focal  length  ...  1.8° /second 

3.  0.  5  "  focal  length  ...  3. 6° /second 

4.  0.25"  focal  length  ...  7. 2°  /second 

These  are  the  limitations  on  the  pitch  and  yaw  angular  velocities .  Rota¬ 
tions  about  the  optical  axis  of  the  camera  produce  image  smear  at  the  for¬ 
mat  extremes.  The  angle  subtended  by  a  comer  photosensor  element  when 
viewed  from  the  center  of  the  CCAID-488A  array  is  (.  00  1  " /0.  25  ")  radians 
or  a  In  ut  0.  Zc  .  The  all  owablf  angular  veloc  ity  about  c  e  optical  axis  subject 
to  the  same  element  diagonal  smear  criterion  is  6 a  /second  .  Higher  rota¬ 
tional  velocities  are  allowed  if  image  smearing  at  the  lormat  corners  is 
a  c  re  p  table . 

Translational  veloc  ities  in  the  hori/onta  l  plane  prod iu  e  detectable  image 
smear  only  when  the  camera  movement  lroin  one  frame  time  to  the  next 
exceeds  the  limiting  ground  resolution.  For  a  30-knot  wind  and  30  frames 
per  second,  the  camera's  horizontal  translation  would  hr  !  .  (<  feet.  At  this 
wind  level,  the  resolution  achieved  by  (he  (H  I)  TV  camera  would  lie  limited 
by  image  smear  to  about  one  or  two  feet. 

Rapid  changes  in  scale  produced  by  zooming  a  lens,  or  bv  a  rapid  desc  ent, 
of  tiie  camera,  produce  image  smear  at  the'  format  extremes.  Detectable 
smear  ot  curs  for  the  (H  iA  ID  48  8A  when  a  scale  change  o!  1/488  o<  .  urs 
during  the  time  between  trame.  ,  Scale  is  dire<  fly  related  to  camera  alti¬ 
tude,  At  1,000  feet,  a  scale  change  of  1/488  is  produced  by  a  toot  change 
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in  altitude.  At  the  frame  time  of  l/30th  of  a  second,  this  change  could 
only  be  produced  by  a  descent  velocity  of  60  feet  per  second.  This  is 
four  times  greater  than  the  nominal  descent  velocity.  Smear  produced 
by  iens  zooming  is  best  avoided  by  stopping  the  lens  zoom  at  preselected 
focal  lengths  for  a  period  equal  to  several  frame  times.  If  this  is  not 
done,  the  time  required  to  zoom  from  one  focal  length  extreme  to  the 
other  becomes  excessive  if  image  smear  is  to  be  avoided. 

The  image  smear  criterion  used  in  the  above  discussion  assumed  that 
the  observer  was  looking  at  single  TV  frames.  This  is  analogous  to 
looking  at  single  frames  of  a  film  reconnaissance  camera.  However, 
as  is  well  known,  multiple  TV  frames  are  integrated  by  the  human  eye  to 
give  an  effective  increase  in  resolution.  Thus,  the  same  image  smear 
criterion  cannot  be  applied  to  TV  imagery  at  3  0  frames  per  second  as  is 
applied  to  static  frames.  There  is  a  difficulty,  however.  Static  frames 
allow  for  leisurely  examination  of  the  imagery.  In  this  case,  a  given  mag¬ 
nitude  of  image  smear  might  be  objectionable.  On  the  other  hand,  the 
same  magnitude  of  image  smear  would  be  undetectable  at  the  standard 
TV  frame  rate.  The  only  difficulty  is  that  the  imagery  does  not  sT  still 
for  detailed  analysis.  The  level  of  image  smear  that  could  be  tolerated 
can  only  be  determined  by  actual  use  of  the  equipment  in  a  variety  of 
operational  situations. 


3. 2.  3.  5  Camera  Sensitivity 

The  charge  coupled  area  imaging  devices  operate  in  the  integration  mode. 
The  photoelectric  current  produced  under  the  influence  of  light  is  inte¬ 
grated  over  a  period  equal  to  the  frame  time.  The  resultant  photoelectric 
charge  is  stored  in  the  potential  wells  associated  with  the  individual  photo¬ 
sensor  elements.  This  charge  is  given  by, 
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the  photoelectric  charge  in  coulombs 

silicon  sensitivity  in  amperes  per  unit  area 

per  unit  of  illumination 

8  en  so r  clem  tnt  area 

array  i  1  lum i na  1 1  on 

array  frame  time  in  seconds 


l  or  black  body  radiation,  the  silicon  sensitivity  is  a  function  of  the  black 
body  color  temp,  rature.  At  the  6,‘j0()''K  color  temperature  co  r  res  pond  in  g 
to  oun  light,  the  CCD  arrays  have  a  silicon  sensitivity  of  10  x  1  0 "  ‘  *-  amperes 
per  square  mil  foot- rand  le.  The  Silicon  sensitivity  in.  lease1  >  o  r  leaver  color 
tempera  tu  res  .  At  2 ,  8  S  0  “  K .  the  1  il.icon  sensitivity  for  the  CCD  arrays  is 
about  2')  x  1  0  *  i  amperes  j>e  r  square  mil  per-  foot -cam*  le. 


In 


TLie  senior  araa  for  the  CCAID-438A  is  about  0,4  square  mil  per  element. 
Assuming  solar  illumination  and  operation  at  3  0  frames  per  second, 

Qa  =  10'11  x  0.4  x  L  x  _L. 

a  30 

=  ().33  x  10"^)  La  coulombs 


As  the  electronic  charge  is  1.6  x  10" coulombs,  Qg  may  also  be  expressed 
in  electrons;  i.e.. 


Qs 


1.33  x  IQ'13  _ j 
1. 6  x  10' 19  J 


I,  electrons 

dl 


»  (0.  8  X  106) 


Lfi  electrons 


The  noise  equivalent  signal  for  the  CCAID-488A  ia  estimated  to  be  10-40 
electrons  when  the  floating  gate  amplifier  structure  is  used.  Using  the 
conservative  value  of  40  electrons,  the  noise  equivalent  illumination  on 
the  array  is  50  x  10“^  foot-candles. 


The  array  illumination  is  related  to  the  actual  ground  illumination  by  the 
following  equation: 


where, 

Kr  target  reflection  factor 

T  •  atmospheric  transmission 

air  1 

Tjgns  lens  transmission 

i  lens  (  number 

M.  array  modulation  transfer  at  the  target's 

a 

sjMtial  frequency 

M()  lens  modulation  transfer  at  the  target's 

s  jia  i  ia  1  frequency 
!  g  round  illumination 


Choc)  sing  conservative  values  to  rail  of  the  above  parameters;  i.e.  , 


Kr  0.  1 

Tj.  ;  r  0 . 8 

'  len  s  f-'  •  ^ 

f  2.0 

M.,  0.  f: 

Mf)  0.7 
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The  array  illumination  is  then  given  by, 

r  ..  |fl,  1  x  0.8  x  0.8  k  0,6  x  0.7  |  t 

i-,it  |  ■ — — —  a  “g 

I  4  x  Z  x  2  I 

Or, 

Lg  "  (>00 

L 

Ubing  the  noise  equivalent  array  illumination  of  50  x  10"  foot  candles  that 
was  determined  previously,  the  minimum  ground  illumination  needed  for 
operation  of  the  CCD  TV  earners  is  0,  03  foot-candles.  This  illumination 
level  is  somewhat  greater  than  that  produced  by  a  full  moon  under  clear 
sky  conditions. 

This  analysis  is  somewhat  conservative.  A  four-fold  improvement  could, 
be  gained  by  using  the  10-electron  noise  equivalent  signal  value.  Use  of 
the  CCAED-488B  would  yield  another  four-fold  improvement  to  bring  the 
minimum  ground  illumination  down  to  about  the  1 0  " 3  foot-candle  level. 

3.2.4  Communication  System 

3. 2.4.1  Communication  Path  Considerations 


Communication  between  the  parachute -bo me  CCD  TV  camera  and  the 
ground  station  will  be  maintained  over  a  maximum  range  of  14.6  Kilo¬ 
meters.  For  reasons  that  will  be  given  later,  it  is  assumed  that  the 
ground  receiving  station  is  located  at  the  artillery  battery  that  launched 
the  camera  round.  The  tran  smitting  frequency  used  should  be  greater 
than  I5ii  4 Hz  (\  80  inches)  to  minim >?.e  the  antern  a  sizes  required.. 

In  any  event,  the  radio  transmission  will  be  line -of -sight. 

The  radio  line -oi-s  ight  >:  omrnun  ication  range  over  a  smooth  earth  from 
an  airborne  transmitter  to  a  ground  receive'’  is  given  by. 


whe  re, 

Rj  line  -  of- 8  ight  communication  range  in  miles 

hx  transmitter  elevation  in  feet 

If  both  th  *  receiver  and  transmitter  are  elevated  over  the  smooth  earth, 
the  i  .imimnii  ation  range,  R  ,,  is  given  by, 

r,  VTf 7  cyirr 
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where. 


hr  =  receiver  elevation  in  feet 


kx 

R1 

l,  000' 

63  miles 

1, ooo1 

45  miles 

500' 

32  miles 

250' 

ZZ  miles 

Even  at  the  lowest  attitude,  the  lir. c- of- sight  range  is  considerably  greater 
than  the  maximum  communication  xa*  ge  needod. 

A  major  problem  in  line-of-  a  ight  communications  is  the  interference  between 
the  direct  and  reflected  radio  rays.  Multi- path  fading  becomes  significant 
when  the  elevation  angle  of  the  direct  ray  drops  below  3a. 

Natural  obstacles  such  as  mountain  ridges  also  cause  communication  prob¬ 
lems.  If  the  obstacle  is  above  the  direct  ray,  severe  transmission  josses 
occur.  If  the  obstacle  is  sufficiently  sharp,  knife-edge  diffraction  can  re¬ 
duce  the  magnitude  of  these  losses.  For  examph,  &  nomograph  for  the  dif¬ 
fraction  loss  at  an  ideal  knife-edge  given  in  "Reference  Data  for  Radio  Engi¬ 
neers,  Fifth  Edition"  yields  the  following  data: 


Range . . . .  .  .14  Km 

Obstacle  Height  . . 100  feet 

(above  .* h e  d  icect  ra y ) 

Transmitting  Frequency. . 3  GHz 

Diff  raction  1.osb. . . . .15  db 


14  Km 
l  0  feet 

3  GHz 
7.  5  db 


As  natural  obetsscles  depart  considerably  from  an  ideal  knife-edge,  actual 
losses  may  be  S  0  to  20  db  greater.  The  magnitude  of  three  diffraction 
losses  make  it  mandatory  that  the  CCD  TV  camera  be  deployed  at  a  Buffi 
t  iently  high,  altitude  to  achieve  an  unobstructed  direct  I  me  -of  -sight  between 
the  *ran»mitter  and  the  receiver. 

The  optical  line -of- sight  from  the  ground  receiver  to  the  airborne  camera 
lias  an  elevation  angle  that  depends  on  the  range  to  the  camera  and  the 
camera's  deployment  altitude  (referred  to  the  ground  receiver).  These 
elevation  angles  are  given  in  Table  6  tor  various  ranges  and  altitudes. 


TABLE  6..  LINE-OF-SIGHT  ELEVATION  ANGLES 


■can.* 


?,  ooo1 

Altitude 

2,  00 O' 
Altitude 

14.4  Km  (47,  000') 

1.  2“ 

2.4° 

40,  0G01 

1 . 4° 

2.9’ 

30,  000’ 

1.9° 

3.8° 

20,  000' 

2.  9* 

5.7* 

10,  000' 

5.  7° 

11.3* 

3 .  2 .  4 .  2  Antenna  Consideration  a 
3. 2. 4.  2.  I  Transmitting  Antenna 

The  CCD  TV  camera  package  is  a  cylinder  4-1/4  inches  in  diameter  by  about 
8  inches  long;  that  is,  the  same  size  as  the  illuminant  package  in  the  M485 
illuminating  projectile.  At  one  end  of  this  cylinder  is  the  point  of  attachment 
for  the  main  parachute,  whereas  the  camera  lens  is  centered  at  the  other  end. 
Although  the  axis  of  the  cylinder  is  normally  deployed  in  the  vertical  direction, 
oscillations  of  10°  to  30°  can  occur.  The  orientation  of  the  cylinder  in  azi¬ 
muth  is  completely  random. 

To  cope  with  the  random  orientation  of  the  camera  in  azimuth,  the  trans¬ 
mitting  antenna  must  have  a  full  360“  azimuth  coverage.  Furthermore, 
its  elevation  coverage  must  be  about  60°  centered  about  the  horizontal  plane 
so  as  to  deal  with  the  maximum  camera  sway  of  3  0°.  Such  a  coverage  is  pro¬ 
vided  Dy  a  quarter-wave  vertical  stub.  This  stub  must  be  placed  on  the  axis 
of  the  cylinder  to  insure  a  symmetrical  radiation  pattern.  Since  the  lens  is  cen¬ 
trally  located  at  the  lower  end  cf  the  camera  package,  the  only  available  loca¬ 
tion  for  the  transmitting  antenna  is  at  the  upper  end  of  the  cylinder,  the  end 
attached  to  the  main  parachute. 

3 . 2,  4.  2.  2  Re ceiv in  ?  A n ten na 

The  receiver  signal  strength  is  directly  proportional  to  the  area  of  the  receiv¬ 
ing  antenna.  The  larger  the  antenna,  the  better  the  communication  efficiency. 
Aside  from  coat  considerations,  large  antennas  are  undesirable  in  combat 
situations,  since  they  make  excellent  targets.  Furthermore,  large  antennas  have 
narrow  beamwidths  and  require  pointing  accuracies  that  may  present  opera¬ 
tional  difficulties.  Position  location  equipment  such  as  radar  may  he  needed 
to  locate  the  camera  package  with  sufficient  accuracy.  Normally,  the  camera 
position  should  be  fairly  well  known.  However,  under  the  influence  of  winds, 
the  planned  position  may  be  quite  a  bit  different  front,  the  actual  position.  If 
the  receiving  antenna  is  not  located  at  the  artillery  battery,  both  range-winds 
--cJ  <  roa  s  -  wind  a  influence  antenna  pointing.  If  the  receiving  antenna  is  located 
:.i!  the  battery,  only  cross  winds  influence  antenna  pointing .  A  further  ad  van  - 
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tage  to  placing  the  receiving  antenna  at  the  artillery  battery  is  that,  in  a 
gross  way,  the  antenna  azimuth  and  the  gun  azimuth  would  be  identical  and 
the  two  units  could  be  slaved  in  azimuth. 

Not  heretofore  considered  is  the  possibility  that  many  gun -launched  cam¬ 
era  systems  would  be  deployed  at  the  same  time.  A  serious  interference 
problem  could  arise.  This  could  be  resolved  by  assigning  different  carrier 
frequencies  to  the  camera  rounds  stocked  by  each  battery.  Narrow  beam- 
widths  for  the  receiving  antenna  could  also  discriminate  between  different 
camera  systems  and  in  addition,  would  provide  some  degree  of  protection 
against  jamming. 

3 . 2 . 4 .  2 . 3  Transmitting  Frequency 

As  stated  in  paragraph  3.2.4.  1,  the  transmitting  frequency  used  should  be 
greater  than  150  MHz  to  minimize  antenna  size.  Three  frequency  candidates 
were  considered;  300  MHz,  2,000  MHz,  and  20,  000  MHz.  For  the  purpose 
of  making  a  choice,  the  receiving  antenna  was  considered  tc  be  a  four-foot 
diameter  parabolic  dish.  This  size  wac  considered  to  be  a  suitable  comprise 
between  the  needs  of  combat  security  and  communication  efficiency.  The 
transmitting  antenna  was  considered  to  be  a  quarter-wave  stub.  Table  7 
shows  appropriate  performance  parameters  for  each  of  the  three  frequency 
candidates . 

TAB  HE  ?.,  ANTENNA  PARAMETERS  FOR  VARIOUS  FREQUENCIES 


Ca  r  r  i  e  r 

F i equency 

RF 

Wa  velerigth 

Transmitter 

Antenna 

Size 

Receiving 

Antenna 

Beam  Width 

3  00  MHz 

4  0" 

10" 

60° 

2,  000  MHz 

6" 

1.5" 

9* 

20,  000  MHz 

0.  6" 

0.  1  5  " 

0.  9* 

At  3  00  MHz,  a  10-inch  long  transmitting  antenna  presents  some  problems. 
The  1  0-inch  length  requires  a  collapsible  antenna,  and  an  erecting  mechanism 
must  be  provided.  Also,  the  4  1/4  inch  diameter  end  plate  does  not  present 

a  very  good  ground  plane  for  a  10-inch  long  antenna.  These  problems  are 
ameliorated  when  a  2,  0  00 -MHz  carrier  frequency  ib  used.  The  antenna 
size  of  1.5  inches  can  easily  be  stowed  within  the  transmitter  module  and 
deployed  when  the  main  parachute  is  deployed.  I’he  4-1/4  inch  diameter 
end  plate  now  represents  an  excellent  ground  plane.  At  20,000  MHz,  ad¬ 
ditional  problems  arise  because  of  the  extremely  small  dimensions  involved. 
The  radiated  field  patterns  are  easily  disturbed  by  small  changes  in  the  con¬ 
ductive  elements  of  the  camera  package. 

The  receiving  antenna  beam  width  of  60“  ai  300  MHz  provides  very  little 
anguU'r  disc,  r  iminat  ic£i  lie  tween  multiple  camera  rounds.  The  60“  beam- 
width  d  its  not  help  at  all  m  suppressing  multi -path  transmission,  A  9“ 

S  ] 


beamwidth,  on  the  other  hand  rovides  good  discrimination  between  multiple 
camera  rounds  and  some  disc  imination  against  multi-path.  Referring  to 
Table  6,  the  line-of-sight  elevation  angles  range  from  1.2°  to  11.3°.  A 
two-position  elevation  setting  for  the  receiving  antenna  would  allow  a  9* 
beamwidth  to  cover  this  entire  range;  a  4“  setting  for  far  ranges  and  art 
8®  setting  for  close-in  ranges.  Going  to  20,000  MHz,  the  0,9®  beamwidth 
achieved  presents  severe  pointing  problems.  At  the  extreme  range  of 
47,  000  feet  (14.4  Km),  a  1,  000-foot  change  in  altitude  represents  a  change 
in  elevation  angle  of  1.2°.  The  receiving  antenna  would  have  to  track  the 
camera  in  elevation  as  it  fell, .  .  .and  the  situation  worsens  as  range  is  de¬ 
creased. 

All  the  factors  point  to  2,  000  MHz  as  the  carrier  frequency  of  choice.  The 

2,  000  -  2,  400-MHz  band  is,  furthermore,  a  standard  telemetry  band.  There 
are,  also,  further  options  that  can  be  made  to  improve  system  performance. 
The  four-foot  receiving  antenna  with  a  beamwidth  of  9°  may  be  faulted  because 
of  its  size  (increased  vulnerability  during  combat)  and  the  minimal  antenna 
tracking  required  (a  30-knot  cross-wind  would  change  antenna  azimuth  by 

9.  5®  as  the  camera  descended  from  2, 000  feet  to  1,  000  feet  at  a  distance  of 
20,  000  feet).  Changing  the  parabolic  dish  diameter  to  2  feet  would  provide 
an  18®  beamwicth  and  less  combat  vulnerability.  There  would  be,  however, 
a  four-fold  drop  in  antenna  gain  and  increased  vulnerability  to  multi-path 
fading.  The  precise  antenna  size  used  would  really  depend  on  the  actual 
combat  situation.  A  variable  diameter  dish  might  be  the  answer..  .  .  a  basic 
two-foot  diameter  parabolic  dish  with  extendable  sections  to  provide  four- 
foot  diameter  capability  whjn  needed. 

3.  2.  4.  3  System  Path  Leas  Analysis 


ystem  path  loss  analysis  is  summarized  in  the  tabulation 

given  belo 

Operating  Frequency . 

2,  000  MHz 

Tranomitter  Power 

1.  5  Watts 

+ 

31.0  dbm 

Transmission  Mode 

FM 

Transmitter  Antenna 

1 . 5  inch  stub 

Antenna  Gain 

T 

3.  0  db 

deceiver  Tracking  Antenna  .... 

•4  foot  dish 

Antenna  Gain 

4 

25.  6  db 

Total  Effective  Power 

4 

59.  6  dbm 

Path  Length  ... 

1 0  M  i  1*  s 

Free  Space  Ixiss 

- 

12  2.  8  db 

Mi.  c.  Losses  (transmission  line. 

coupling  etc.  ) 

r. — 

2.  0  db 

Total  looses 

1  24.  8  db 

Median  Received  Carrier  Power 

6  5,  2  dbm 

92 


RF  Bandwidth  . . .  4.5  MHz 

Noise  Power  (KTB) 

107.5  dbm 

Assumed  Noise  Figure 

4 

4  -  0  db 

Equivalent  Noise  hi  put  (Receiver  Sensitivity) 

- 

103.5  dbm 

Median  Ca rrie r-to-Noise  Ratio 

4 

38.3  db 

FM  Improvement  Ratio 

+ 

10. 0  db 

Receiver  Signal-to-Noise  Ratio 

+ 

48.3  db 

3. 2.  4.  4  Path  Reliability  Considerations 

The  methods  of  assessing  propagation  reliability  for  fixed  line-of-sight 
links,  involving  consideration  of  Fresnel  clearance  and  Rayleigh  fading 
are  not  applicable  to  this  type  of  air-to-ground  link.  The  radio  link,  as 
proposed,  will  provide  a  fade  margin  of  38. 3  db  over  the  noise  improve¬ 
ment  threshold  when  subject  to  122.8  db  of  free  space  loss.  This  mar¬ 
gin  is  adequate  to  ensure  that  the  received  carrier  remains  above  thresh¬ 
old  under  the  following  combination  of  circumstances : 

1.  Parachute  range  at  10  miles  maximum. 

2.  Parachute  attitude  such  that  the  effective  transmitting 

gain  falls  to  zero. 

3.  Receiver  antenna  pointing  errors  up  to  about  2°. 

It  should  be  noted  that  in  terms  of  signal  fade  margins,  the  peak-to-peak 
signal  to  RMS  thermal  noise  of  48.  3  db  is  conservative  fo  r  a  video  signal. 
Good  useful  picture  transmission  will  be  maintained  down  to  a  earrier-to- 
noise  ratio  of  about  23  db.  Stated  in  the  more  familiar  notation,  the  sys¬ 
tem  will  possess  a  fade  margin  of  approximately  26  db. 

3 .  2.  4 .  5  V  ideo  Qua  1  ity 

System  path  ana  iys  is  indicates  that  a  minimum  usable  s  ignal  -  to -noi  se  ratio 
of  48.  1  db  into  the  video  monitor  wilt  provide-  an  excellent  picture  quality  per 
fo  rename . 

Table  8  lists  picture -quality  definitions  for  different  values  of  signal-to- 
noise  ratio.  These  definitions  are  based  on  repo  rts  by  Television  Allot.  - 
tione  Study  Organization  (TASO).  The  levels  given  have  been  adjusted  to 
represent  RK  measurements  as  opposed  to  video  measurements. 
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CCD  TV  RECONNAISSANCE  SYSTEM  BLOCK  DIAGRAM 


TABLE  8.  PICTURE  QUALITY  VERSUS  S/N  RATIO 


S/N  Ratio 
(db) 

Picture 

Qua  lity 

Picture  Quality 

Defin  ition 

49 

Excellent 

Snow  free  pictures 

39 

Fine 

Just  perceptible  background  snow 

33 

Good 

Snow  in  picutre  but  not  objectionable 

29 

Marginal 

Somewhat  objectionable  snow 

3 . 3  CCD  TV  RECONNAISSANCE  SYSTEM  DESIGN 

3.3.  1  System  Block  Diagram 

The  CCD  TV  Reconnaissance  System  block  diagram  is  shown  in  Figure  13. 
The  battery  of  the  airborne  equipment  is  energized  both  by  the  setback  and 
spin  occurring  at  launch.  Battery  voltage  comes  on  in  less  than  1  second 
and  power  is  then  provided  to  the  following  units; 

1.  Lens  motor  drive  (if  multi-lens  system  is  used) 

2.  Camera  power  supplies 

3.  Destruct  charge  timer 

4.  RF  transmitter 

The  output  video  signal  from  the  CCD  photosensor  array  is  amplified  by 
the  4-MUz  video  amplifier  that  provides  the  modulation  input  to  the  S- 
band  FM  transmitter.  The  transmitter  frequency  is  in  the  2,000-2,400- 
MHz  telemetry  band.  The  trail  emitter  output  is  fed  to  a  quarter-wave 
stub  antenna  that  produces  a  toroidal  radiation  pattern. 

The  transmitted  signal  is  picked  up  by  the  receiving  antenna,  a  four- 
foot  {tarabolic  dish.  The  video  output  from  the  S-haud  FM  receiver  .8 
conditioned  by  the  video  i  me  driver  before  it  ia  recorded  on  the  video 
tape  recorder.  The  read  after-write  signal  output  of  the  video  tape  re¬ 
corder  is  then  displayed  on  a  standard  l'V  monitor. 

1 .  3.  2  Airborne  Camera  ■  Transmitter  Assembly 

The  canister  assembly  for  the  M4HS  illuminating  projectile  will  be  used 
for  the  TV  Reconnaissance  System  with  the  illuminant  container  being  re¬ 
placed  by  the  CCD  camera  -t  ran  smiue  r  assembly  .  Figure  1-1  shows  a  preli 
minary  layout  ot  this  assembly . 


The  lens  is  protected  from  the  blast  of  the  secondary  expelling  charge 
by  a  heavy  metal  disc.  This  disc  transmits  the  explosive  force  to  the 
housing  of  the  camera -transmitter  assembly  and  eventually  to  the  cani¬ 
ster  base  plate.  The  pins  holding  the  base  plate  are  sheared  away  and 
the  main  parachute  and  the  camera -transmitter  assembly  are  expelled 
from  the  canister. 

The  CCD  camera  subassembly  is  a  disc  about  2  inches  deep  by  4-1/4 
inches  in  diameter.  Similarly,  the  RF  transmitter  is  a  disc  about  1.0 
inch.deep.  In  the  center  of  this  disc  is  the  1-1/2  inch  long  stub  antenna. 

It  is  fully  rece ssed.no rmaliy  but  will  be  extended  when  the  main  para¬ 
chute  is  deployed. 

The  remainder  of  the  volume  is  taken  up  by  the  battery  and  the  destruct 
charge  and  its  timer. 

3 .  3.2.  I  CCD  TV  Came  ra_ 

A  block  diagram  of  the  CCD  TV  camera  is  shown  in  Figure  15.  The 
total  component  count  for  the  camera  is  about  32  DIP'S  (Dual  In-line 
Fkckages).  To  meet  the  launch  environment,  all  components  will  be 
used  in  chip  form  and  connected  as  hybrids.  All  subassemblies  will 
be  potted. 

3 .  3 .  2 . 2  Sj-  Band  V  ideo  Trans  mi  iter 

A  block  diagram  o(  the  signal  flow  in  the  video  transmitter  is  shown 
in  figure  16.  The  transmitter  is  composed  of  a  series  of  thick/thin 
film  substrates  packaged  in  a  4"  diameter  disc  about  1  inch  thick.  This 
technology  is  used  to  eliminate  component  leads  that  would  have  difficulty 
surviving  the  launch  environment.  The  use  of  an  epoxy  potting  compound 
to  se  cure  all  the  transmitter  elements  would  not.  satisfy  the  dielectric  con¬ 
stant  requirements  of  microwave  circuits.  Therefore,  the  design  uses 
aM  active  devices  in  chip  form.  These  include  the  large  RF  power  tran¬ 
sit’ tors,  These  large  power  hard!  mg  components  are  located  at  the  sur¬ 
face  of  the  transmitter  package,  to  insure  adequate  heat  dissipation. 

} .  1 .  2.2.  1  V  ideo  Telemetry  Tran  h  mitt  *  r  Specifications 

Outline  dimension  4  inch  D  u.ie.er,  1  inch  thick 

Shock  (survival)  2  0,000  G  s 

Frequent  y  S  Band.  2.  2  to  2..  3  (,'d!x 

Bower  Output  ’>  wat  minimum 

Fr  fluency  Stability  t  0,  OS1,,  over  tempe  rature  rang 

2  0  '  to  1  6  '  "  T 


l.'peratir  g  Temperature 


FIGURE  15.  CCD  TV  CAMERA  SYSTEM 


MODULATION 
CONDITIONING  — 
(pre-emphasis) 


COMB  LINE 

FILTER  -  FILTER  &! 

_ _  CIRCULATOR 


Modulation 

T’/Pe 

Frequency  Response 
Deviation 


True  FM 

10  Hz  to  4. 5  MHz  at  3  db 
±]0  Mhz  maximum  (adjustable) 


Input  Impedance 
Input  Level 
VSWR 

Output  Impedance 
Spurs 

Operating  Voltage 
DC  Efficiency 
W  eight 


50  ohms 
20  mw 

1.  5:1  any  phase  angle 
5  0  ohms 

IRIG  106-71  (10  log  power) 
+24  VDC  ±  20% 

15%  approximate 
8  ounces 


3.  3.  2.  3  De struct  Charge 

The  ignition  of  the  destruct  charge  cannot  be  accomplished  reliably  by  im¬ 
pact,  since  the  pa  rachute  v/ill  1  imit  the  magn  itud  e  of  the  impact  fo  rces  ,  especi¬ 
ally  if  it  becomes  fouled  in  a  tree.  A  more  reliable  fuzing  method  is  the  use 
of  a  time  delay  element  actuated  by  the  battery  voltage.  At  a  descent  rate 
of  15  feet  per  second  from  an  altitude  of  2,  000  feet,  the  total  elapsed  time 
to  impact  is  about  130  seconds.  A  delay  time  of  100  seconds  would  cause 
the  camera  unit  to  be  destroyed  before  impact  and,  thereby,  an  enemy 
would  be  prevented  from  examining  the  unit. 


3.3.3  Ground  Equipment 

The  ground  station  can  be  made  up  of  conventional  commercial  units  or 
devices  already  in  the  military  inventory.  The  S-band  receiving  antenna, 
with  a  four -foot  diameter  parabolic  dish  probably  already  exists  in  the 
military  or  commercial  inventory  as  does  the  S-band  FM  receiver.  The 
video  tape  recorder  and  TV  monitor  could  be  standard  commercial  units 
such  as  the  Sony  Av-3400  Videocorder  and  the  Sony  GVM-920U  8"  moni¬ 
tor.  Video  line  drivers  are  available  commercially.  Military  versions 
of  these  equipments  could  be  provided. 


1  •  4  SYSTEM  COS ' I  ANA  LYS IS 

3.4.  l  Ground  Station  Costs 


Ground  station  costs  are  not  a  major  factor  in  the  design  of  the  TV 
Reconnaissance  System,  since  the  ground  station  is  not.  an  expendable  item. 
The  ground  station  comprises  the  following  units: 

1.  S-band  antenna  (4  foot  parabolic  dish) 

2.  S  hand  FM  re  over 
1 .  V'  id  ro  1  me  d  r  i  ve  r 

4.  Video  tape  recorder 
r> .  TV  monitor 

6  0 
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Most  of  these  equipments  are  commercially  available  or  are  already  in 
the  military  inventory.  Consequently,  these  caste  were  not  evaluated  hr, 
the  present  study. 

3.4.2  Airbora  e  Camera -T ran  am itf e  r  C os  ts 

Development  costs  were  not  considered  in  this  study.  The  only  coats 
evaluated  were  the  equipment  costs  for  large  quantity  production. 

3,4.  2.1  CCD  Camera  Costa 

The  CCD  came.;  ra,  as  stated  previously,  consists  of  the  following  major 
items : 

1 .  Len  s 

2.  CCD  array 

3.  Electronics 

3.4,2.  1 ,  1  Lens  Costs 

For  a  simple  f/2  12.5  mm  lens  design,  large  quantity  production  costs 
could  be  under  $20.  00.  A  lens  assembly  for  the  Kodak  Pocket  In  ft  ta  rna  ti  c 
camera  can  be  purchased  for  abo  ut  $23.  00.  The  lens  is  an  excellent  four - 
element  f/2. 8  25  mm  focal  length  device.  Ruggedizir.g  the  lens  to  survive 
the  launch  environment  should  not  add  significantly  to  its  cost  if  production 
quantities  are  large  enough. 


Zoom  lens  v.  ith  motorized  controls  are  quite  a  bi  .  more  expensive. 

Canon  makes  a  motorized  f/1.8  zoom  lens  that  zooms  from  12  mm  to 
50  mm  and  fiats  for  $1  75.00.  Although  this  Jens  ib  a  commercial  item, 
the  number  of  lenses  produced  is  probably  quite  small,  The  two-thirds 
inch  vid  icon  camera  tube  for  which  this  lens  was  designed  is  not  that  popular 
tin  item.  Even  o'  large  production  quantities  of  this  lens  were  made ,  it 
is  ui'il ikely  that  a  rugged ized  version  of  this  lens  would  sell  for  under 
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The  CCA  ID -244  and  the  CCA.ID-488A  arrays  have  not  yet  been  produced 
and  the  price  of  these  arrays  can,  only  be  conjectured.  The  price  ie  very 
dependent  on  the  yield  statistics  that  will  be  achieved  for  these  devices. 
Yield  is  very  much  a  function  of  the  amount  of  money  spent  on  perfecting 
the  semiconductor  processing  and  where  the  semiconductor  manufacturer 
is  an  his  learning  curve.  The  OCA  ID  -488/.  is  &  .large  chip  with  a  diagonal 
measurement  greater  than  0.  5  inch.  This  device  is  larger  than  any  that 
las  ever  beam  made  commercially.  Fairchild  cannot,  at  this  time,  make 
any  estimate  of  the  cost  of  this  device  for  large  production  quantities,  but 
a  price  of  $50  to  $200  can  be  assumed, 

3.4.2.  1.3  Electronics 


The  CCD  camera  electronics  includes  about  32  active  devices.  For  MIJL- 
startdard  components,  the  average  price  is  about  $3.  00  per  device  for  large 
volume  procurements.  The  total  cost  of  these  active  devices  is,  therefore, 
about  $100.00.  The  cost  of  fabricating  these  devices  into  a  piece  of  equip¬ 
ment  depends  on  the  amount  of  money  spent  in  automating  production.  This 
cost  could  run  anywhere  from  $5C.  00  to  $300,  00  d^pc  vig  on  the  degree  of 
production  automation  achieved.  Consequently,  the  cost  of  the  electronics 
could  range  from  ?  150.  00  to  $400,00  for  large  production  quantities., 

3 4 ,2.2  S-Band  Trar,  s m i Iter  C oats 

Contact  was  made  with  a  company  that  manufactures  S-band  FM  transmitters 
that  survive  an  8,000  G  environ  me:'*.  This  manufacturer  quoted  a  price  of 
$475, 00  in  20,  000  piece  Jots,  for  «.  transmitter  that  would  meet  the  require¬ 
ments  of  the  TV  Reconnaissance  System.  The  $60,000.00  non-recurring 
development  cost  that  was  also  quoted  does  not  represent  a  large  capital  in¬ 
vestment  in  production  facilities  or  in  designing  the  urit  for  cost-effective¬ 
ness,  A  unit  cost  of  leas  than  $350.00  could  be  achieved  by  a  larger  non¬ 
recurring  cost  expenditure. 

3.4.  2.  3  Goo.  Summary 

The  cos  Is  for  the  Airborne  CCD  Camera  -Transmitter  unit  are  summarised 
be  lo  w : 


Lens..... . . . $  15.00  $100.00 

CCD  \rray  .  50.  00  200,00 

Electronics  . . .  I  r<0,  00  -  400,00 


FM  Transmitter  . .  350.  00  425.  00 


Di.il  i  s  t  h  .  .  ,  .  ,  .  ,  „  .  .  *  .  .  .  6  5 ,  00 


$1125.  00 


m?'  .a 


1 


} 

No  costs  were  allocated  for  the  battery,  destruct  charge  and  canister 
assembly.  These  are  considered  to  be  Government-furnished  materials.  ■ 

It  is  envisioned  that  the  battery  and  destiuct  charge  will  be  provided  as  | 

Go v« mment- furnished  material  to  be  assembled  into  the  CCD  camera-  J 

transmitter  unit.  The  CCD  camera-transmitter  would  then  be  delivered  ; 

$ 

to  the  Government  for  assembly  into  the  CCD  reconnaissance  camera  1 

projectile.  j 

3.  5  RECOMMENDATIONS  FOR  FUTURE  PROGRAMS  ; 


The  feasibility  of  using  a  gun -launched  parachute -ca  r r led  CCD  TV  camera 
to  collect  reconnaissance  data  has  been  demonstrated  in  the  present  program. 
The  value  of  CCD  imagery  was  shown  during  actual  flight  tcst3  of  ?  CCD  TV 
camera.  System  studies  carried  out  during  the  program,  as  deta:1ed  in  this 
report,  indicated  that  the  ground  resolution  and  cove~age  that  coulu  ba  achieved 
in  an  eventual  system  would  provide  a  valuable  reconnaissance  capa¬ 
bility.  The  questions  of  how  valuable  and  at  what  cost  have  been  dealt  with 
in  &  preliminary  way  in  the  system  studies.  Tcsks  that  must  be  addressed 
to  bridge  the  gap  between  the  work  accomplished  under  the  present  contract 
and  the.  final  operational  system  are  as  follows: 

1.  Demonstrate  that  the  CCD  camera -transmitter  assembly  can  be  pack¬ 
aged  into  the  available  space  in  the  M485  illuminating  projectile  canister. 

Z.  Demonstrate  that  the  above  assembly  can  survive  the  launch  environ¬ 
ment. 

?- .  Demonstrate  that,  the  (CD  camera  and  the  RF  transmitter  can  meet 
their  operational  specifications  after  launch. 

4.  Determine  the  par.  chute  dynamics  for  the  actual  CCD  came ra -trans¬ 
mitter  package  configuration  unde  r  various  meteorological  conditions. 
This  task  would  also  involve  modifying  the  package  configuration  to 
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All  oi  the  technology  now  exists  to  demonstrate  launch  survivability  of  a 
CCD  camera-transmitter  assembly.  Such  an  assembly  could  be  built  now 
with  the  CCD-201,  the  100  by  100  element  array.  The  operational  capa¬ 
bility  of  @ucb.  &  camera  would,  however,  be  somewhat  limited.  A  batter 
sensor  choice  is  the  CCAID-244A,  the  244  by  190  element  array,  which  is 
now  in  the  early  stages  of  fabrication.  The  CCAID-244A  will  have  excellent 
sensitivity  and  coverage  that  approaches  that  of  the  GCAED-488A.  Since  the 
availability  of  the  CCA  ID -48  8 A  is  sf:?.ll  quite  a  way  off,  configuring  the  demon 
stratum  equipment  around  this  device  would  cause  a  considerable  delay  in 
the  development  program.  Consequently,  the  recommended  follow-on  pro¬ 
gram  proposes  the  use  ot  the  CCAIE -244A. 

3.  5.  <  Proposed  Follow-On  Program 

The  taakj  to  be  t-ccomplished  in  the  proposed  follow-on  projp  •■m  are  des¬ 
cribed  below: 

1.  D  sign  and  fabricate  ten  to  twelve  CCD  camera  modulo*,  employ¬ 
ing  the  CCAED-244A,  configured  for  the  155  mm  M485  illuminating 

projectile. 

2.  Design  and  fabricate  ten  to  twelve  RF  transmitter  modules,  con¬ 
figured  for  the  M485  round. 

3.  Design  and  fabricate  ten  to  twelve  power  supply  modules,  configured 
for  the  M485  round. 

4.  Carry  out  a  packaging  design  effort  involving  the  following  activities: 

a.  Overall  packaging  of  the  CCD  camera,  RF  transmitter  and 
power  supply  modules. 

b.  Development  of  a  module  interconnect  technique. 

c.  DevelopmerX  of  construction  techniques  that  will  enable  the 
equipment  to  withstand  the  12,000  to  20,  000  C's  of  force  occur 
ring  at  launch. 

5.  Perform  environmental  test  program  including  air  gun  tests. 

6.  Perform  non-operating  actual  firings. 

7.  Perforin  operating  firing  tests. 

6,  Design  and  develop  the  ground  station  equipment. 

9,  investigate  parachute  stability  for  desired  m -  flight  motion. 

10,  Conduct  design  to  cost  .investigation  throughout  program . 
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PARALLEL- TRANSFER -REGISTER  CHARGE-COUPLED  IMAGING  DEVICES 


A.  l.t  Solomon 

.¥ r child  Camera  and  Instrument  Corporation 
Research  and  Development  Laboratory 
4001  Miranda  Avenue 
Palo  Alto,  California  -  94304 


INTRODUCTION 

One  year  ago  a  paper  was  presented  to  this  con¬ 
ference  that  included  a  brief  description  of  two  charge- 
coupled  imaging  devices  that  had  been  developed  at 
the  Fairchild  Semiconductor  Re  search  and  Develop¬ 
ment  Lab  ratory.  1  These  cha rge -coupled  imaging 
devices  are  being  produced  in  sample  quantities  and 
iie  commercially  available.  This  paper  contains  a 
more  detailed  description  of  these  devices  and  of  a 
more  ,  ecrntly  developed  image  sensor. 

The  first  produced  charge-coupled  sensor  was 
the  !  x  500  phutoelemenl  CCD  101*  which  may  be 
employed  in  slow-scan  TV  or  facsimile  systems. 

The  second  product  is  the  CCD  201,  a  100  x  100  photo¬ 
element  area-array,  which  may  be  used  to  detect 
moving  images  under  low- light- level  illumination. 

The  third  and  most  recent  device  is  the  CCD  110;  it 
if  a  1  x  2ofc  photoelement  linear  array  which  should 
find  application  in  high-speed  optical  character  re¬ 
cognition  systems,  fn  comparison  to  other  solid-state 
photosenaing  arrays,  these  devices  possess  a  higher 
dynamic  range  by  virtue  of  their  low  noise  properties. 
They  can,  therefore,  be  used  at  relatively  low  illu¬ 
mination  levels.  This  property  is  obtained  with  little 
loss  in  image  quality  because  of  the  high  efficiency 
obtained  when  ohotosigna!  charge  is  transferred  from 
the  photoelement  array  to  an  on-. hip  drtecior-pre  - 
amplifier. 

A  significant  portion  of  this  paper  is  demoted  to 
a  design  property  these  cha  rge  -  coupler!  image  sensors 
possess  in  i  umrniin,  This  property  contribute*  both 
to  obtaining  distort  ion- free  image  reproduction  and  in 
some  application*  to  a  more  flexible  mode  of  opera¬ 
tion.  The  design  property  ;»  the  use  of  separate 
photosensors  and  s  igna  1  -  t  r  anfe  r  elements.  The  sig¬ 
nal  charge  is  transferred  to  the  detec  tor- preamplifier 
by  a  c  lia  r  ge  ~  c  nupled  device  (C(  1)1  analog  shift  re¬ 
gister  which  is  located  parallel  to  ..  given  linear 
phot  ue  I  erne nt  array. 

BASK  ±  I'NC:  1  IONA  l  .  DESIGN  <  ONSlDl-  H  A  I  IONS 

I  he  h*r  i<  functions  <»f  j  v.  CD  image  sensor  are 
(II  to  sense  and  store  pfioton  -  gene  i  at  ed  i  barge  in  an 
.Array  >>f  depletion  regimiK  or  potential  wells  that  are 
formed  by  an  MOS- type  up^i  it  or.  (cl  K>  transfer  the 
signal  Iron  ear  h  element  in  the  phot: . «  en  s  i.ig  ariay 
in  the  torn .  of  *  pat  net  of  tf.aige  w.  huh  t«  moved  or 
»  lotted  thi  on  gh  a  sene*  of  poic-ntiai  wells  to  a 
ilete  v  tor  -  pi  e«  mp{ » I  le  r  .  I  hr;  omeplualiy  simple  *1 
method  -t  set  otnplishmg  thcie  I  mu  I  i  rot  *  \*  to  trams- 
ff  r  the  charge  packets  serially  through  the  same 
potent;  it  l  wells  i  ha  t.  pe  r  *  •»  r  s  t  \  h  «■  a  <*  >i  a  c  -  .in,]  store 
font  tl cm  I  hi  a  method.  h«>*ev,*j,  intJo.jmes  image 

•smearing  unless  either  the  transfrr  o  cat  tied  mil  at 
a  speed  .  •Jiiiulrr*  My  m  r  .x  >.  i'll  > t  h  r  light  sensing 
- 1  integration  time.  •>  i  the  transfer  if  pe  i  *  <  >  r  t  y  i  r  i  in 


the  dark.  Further,  when  the  output  data  rate  is 
different  from  the  transfer  rate,  it  it)  necessary  to 
provide  an  additional  buffer  store.  When  this  method 
is  used  for  a  rectangular-area  photoelement  array,  it 
is  called  ’frame  transfer15. 

An  alternative  design  that  avoids  these  problem* 
is  the  parallel-transfer- register  which  is  shown  con¬ 
ceptually  in  Fir.  1.  The  photoelernerit  array  is  form- 
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Fig.  1  Gate  Electrode  Schematic  o!  a  Parallel - 
Transfer-Register  CCD  Image  Sensor 

ed  beneath  an  electrode  whuh  runs  the  length  of  the 
array  and  is  called  the  photogate.  Because  the  de¬ 
vil  c  i»i  most  <  onveniently  illuminated  at  the  top  of  the 
silicon  substrate  or  front-side,  the  photogate  elec¬ 
trode  consists  of  a  film  of  polyc  ry  stall  me  silicon  that 
is  thm  enough  to  t  ra  mmu 'd  s  i  t»le  radiation.  The  in¬ 
dividual  photoelemr nts  ar<  defined  or  electrically 
isolated  by  a  channel  stop,  This  may  be  formed  m  the 
case  of  an  n-vhannel  devu  e  by  a  narrow  p- type 
region  in  the  silicon  substrate.  Charge  packets  gen¬ 
erated  by  light  under  the  phntogate  are  transferred  in 
parallel  to  the  ad  (at  rnf  C  CD  shift  register,  which  is 
opaque.  I  he  put  kets  are  then  stepped  or  t  lin  ked  to 
the  del  e  <  t  o  r  ••  a  mpi  i  f  ie  x  ,  In  the  ;**e  if  an  area  sen¬ 
sor  .  who  •«  vcnsists  of  nilunmj?  of  phot  ,**•  le  men!  s  ,  thi  » 

Hreij'n  lias  been  -  ailed  interline  transfer'. 

Although  it  is  apparent  that  by  separating  the  two 
basil  (.  (  D  tensor  turn  t  ton*  the  problems  of  the  frame 
transfer  design  are  obviated,  »t  »»  also  apparent  that 
the  interline  tiansjer  r**gii»?ri  requires  approximate¬ 
ly  hail  tiie  iiiu  i  i  area  in  the  aiea  photneertsor  array 
to  he  opaque,  the  phot  oe  le  me  nr  ■  barge  rap*...  ity  is 
thri'florr  h**tf  that  of  the  frame  transfer  design  for 
the  s  i  in  r  phot  s.'s  ens-o  r  area.  he«  *u».«  of  the  low  noise 
properties  of  the  dev*,<-.  tins  does  .lot  liimf  Hie 
ilyi'.iini.  i  a  i .  g  e  .  In  t  e  r  i  v  t  s  of  *  i  i  i  >  on  (s  ir  a  usage,  the 
t  tx  i  >  design*  ate  ■.  ui  ipa  r  n  bl  r  »imr  thr  i  nt  r  r  1 1  ae  - 1  r  a  n  •  - 


f*r  does  not  require  a  buffer  store.  It  will  be  seen 
subsequently  that  the  interline-tc&nsfer  ha#  other 
advantage*.) 


When  all  factors  are  taken  into  consideration,  the  re¬ 
lative  signal  for  the  interline  transfer  also  remains 
higher  at  high  spatial  frequency  as  shown  in  Fig*  3, 


Another  silicon-area  usage  aspect  of  the  inter¬ 
line-transfer  design,  which  becomes  apparent  in 
Fig.  1,  is  that  for  a  2>phswe  CCD  transfer  register 
two  electrodes  are  required  for  each  photoclement  in 
the  adjacent  column.  This  difficulty  is  solved  by 
transferring  packets  from  every  other  phoioelement 
in  a  column  in  one  field  of ‘information,  which  is 
stepped  to  the  amplifier;  the  second  field  of  infor¬ 
mation  is  then  transferred  and  stepped.  The  two 
fields  are  interlaced  at  the  display. 

ADVANTAGES  OF  THE  PARALLEL- TRANSFER- 
REGISTER  DESIGN 

A  summary  of  those  advantages  of  the  parallel- 
transfer- register  design  over  a  serial-transfer 
through-the-photoelement-ar ray  design,  which  have 
been  discussed,  is  as  follows: 

#  Smearing  of  the  sensed  image  is 
avoided. 

»  High  speed  transfer  in  excess  of 
the  line  data  rate  is  not  required. 


NORMALIZED  SPATIAL  FREQUENCY 
M  THE  OBJECT  PLANE 

Fig.  3  Relative  Response  vs.  Spatial  Frequency 
for  Frame  and  Interline  Transfer  From 
Barbe  &  White,  CCD  Applications  Con¬ 
ference  Proceedings 


»  There  io  no  need  for  a  separate 
buffer  store  to  convert  the  output 
data  ate. 

»  Overall  silicon  area  is  conserved. 


in  audition  to  these  ».  ^vantages  are  two  that  ie- 
s ult  in  *  lei*  distorted  image  for  high  spatial  fre¬ 
quency  information.  One  of  these  ha*  been  des¬ 
cribed  by  D.  F.  Barbe  and  M.  H.  White,  2  An  inter¬ 
line  - 'transfer  design  m  compared  to  a  frame-trans¬ 
fer  design,  where  the  photoelement  area,  which  in¬ 
cludes  the  inte  re  lement  opaque  regions,  i  *  the  same. 
Their  Analysis  points  out  that  the  interline- transfer 
design  pijateMrs  an  opti  al  sampling  aperture  which 
is  approximately  one-half  that  of  the  frame  transfer. 
This  property  results  in  a  modulations  ransfer- 
function  (MI  F)  that  does  not  decrease  as  mm  h  at 
higher  spatial  frequency,  a*  shown  ir.  Fig. 

f  T  r  "1  '  T  1  '  '  1  r  Tn 


osf 

MTF 


(>4t 

0*1 


V  ; 

\  j 

c*'  .-\ 

t  Wh> I  * 

u,  p 

■  •1  ‘  1  *  *  A> 

sea-fiAi  > *t» ix* m  * 


Ml  f  vs.  .Spatial  1  risj.iMii  y  {.>i  .*■  me  .tiitl 

intr  r  Imr  1  i  .Kmfrr  1  i  i»m  H  a  r  he  &  *i  1 1  c  , 

i  A  [  >  A  j  ’  | 1 1 1  ■  .Mu'MII  »  1  ■ :  i  (  r  r  m .  r  1  *  r  •  •  >  r*  ■  i  i  n  ;j  s 


A  more  recent  analysis  in  our  laboratory  in¬ 
dicates  that  the  MTF  is  expected  to  be  high  at  high 
spatial  frequency  for  both  linear  and  area  arrays 
when  *be  video  information  is  read  cut  in  two  or  more 
fields.  5  This  analysis  relates  to  the  influence  of 
charge-transfer  inefficiency  on  the  degradation  of 
MTF.  Mil  aa  a  lunction  of  spatial  frequency  with 
transfer  inefficient  y  as  a  parameter  for  a  single- 
field  readout  of  a  linear  array  is  shown  in  Fig.  4; 


Fig.  *1 
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Fig.  5  MTF  Correction  for  Transfer  Inefficiency  for 
a  Two-Field  Readout 

Here,  however,  MTF  is  plotted  for  the  case  of  a  2- 
phase  parallel-transfer- register  where  the  video  in¬ 
formation  is  readout  in  two  fields,  as  it  was  shown  in 
Fig.  1.  It  may  be  noted  that  a  minimum  MTF  appears 
at  half  the  Nyquist  limit  rather  than  the  limit  The 
MTF  ia  replotted  in  Fig.  6  to  take  into  account  MTF 
degradation,  or  decrease  in  response,  for  an  aperture 
with  square  response  at  spacing  1. 


Ftg.  (.  M  IT  va.  Spatial  I'rf^urtny  tor  a  'l  wn- Field 
Readout 

Considerable  discussion  has  arisen  regarding  the 
appearance  of  aliasing  in  discrete  photoelement  arrays 
with  c  high  response  at  high  spatial  frequency. 

C  urrent  opinion  is  that  the  M  l  l  roll  off  for  lenses 
used  in  cameras  »  an  by  design  be  used  to  suppr  ess 
aliasing  to  a  great  extent.  Ibis  may  be  Been  m  frig, 
when-  the  effect  of  lens  MTlr  on  aliasing  is  estimated 


Fig.  7  Effect  of  I-ens  MTF  on  Aliasing 

for  an  "ideal  1  lens ,  which  has  an  MTF  of  unity  to 
twica  the  Nyqii'st  limit  (f^)  of  the  CCD,  and  for  a 
"real"  lenc,  which  has  an  MTF  of  0.5  *.t  the  Nyquist 
limit. 


CCD  101  LINEAR  IMAGING  DEVICE 


The  CCD  101  was  the  first  commercially 
produced  charge-coupled  image  device..  D  possesses 
a  500  photoelement  linear  array  0.  6  inch  long  and 
1.2  mils  wide.  The  parallel-transfer- register  de¬ 
sign  is  shown  schematically  in  Fig.  8. 

Two  1-phase,  250  bit. 
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analog  CCD  shift  register*  ire  located  on  either  aide 
of  the  photoelement  array.  For  an  output  hit  rate  of 
1  MHz  photoelectrona  are  generated  and  stored  for 
0.  5  millieec  under  the  photogate.  Within  20  micro- 
aec  the  photoelectrona  are  clocked  by  transfer  gates 
to  the  two  parallel  shift  registers.  Charge  packets 
from  the  odd-numbered  photoelements  are  moved  to 
the  right  register;  packets  from  even-numbered  to 
the  left.  The  packets  are  then  transferred  at  a 
500  KHz  clock  rate  to  a  2-bit  output  register  where 
they  are  interlaced  and  appear  in  photoelement  order 
at  the  detector-preamplifier.  This  on-chip  device  con¬ 
sists  of  a  collector  diode,  a  reaet  MOS  tranaistor  and 
an  output  MOS  tranaiator. 

The  chip  is  shown  in  Fig.  9  with  a  magnified 
section  of  the  photoelement  and  the  shift  register. 


Fig.  9  CCD  101  Chip 

The  serpentine  ihannet  stop,  wlitt  h  isolates  the  photo- 
elements  can  be  seen  clearly.  I  he  <  hip  is  assembled 
in  s  24-lesd  dual  in-line  pioka.gr  with  *  tdUnil  y  b  mi  1 
glass  window,  as  shown  m  Fig.  10. 


Fig.  10  Pa.kaged  CCD  !d[ 


AlChough  these  devices  are  classed  to  guar¬ 
antee  a  dynamic  range  of  200:1,  some  have  shown 
a  dynamic  range  well  in  excess  of  1000:1,  as  may 
be  seen  in  Fig.  1 1. 


Fig.  11  CCD  101  Image 

From  {a)  through  (d)  are  images  at  near  -  satu  ration 
illumination,  l/i‘)th  this  illumination,  l/100th  and 
l/1000lh.  This  result  attests  to  the  high  charge- 
transfer  efficiency  and  low  noise  properties  that 
r  an  be  obtained. 

CCD  201  AH  KA  IMAGING  DEV  ICC 

I  he  CCD  201  possesses  a  100  jr  100  array  of 
1.2  mil  x  0.  H  mil  photoele  merit  h  .  As  shown  a.tle- 
nu  t .  ;  *  1  !y  in  tig.  12,  pa  r  a  1 1  e  1  -  t  r  a  n  s  i  e  r  registers 
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are  located  between  columni  of  photoelemonts. 
Several  change*  of  the  CCD  101  linear-array  design 
have  been  made  to  conserve  apace.  The  register* 
ire  2-pha*e  with  implanted  barrier*  rather  than  3- 
phase,  and  there  it  one  register  for  each  column  of 
photoolement*  rather  than  two.  The  principle  of 
using  two  interlaced  field*  of  information  i«,  how¬ 
ever,  retained.  In  one  field  every  other  element  in 
a  column  of  photoseneore  le  transferred  to  a  vertical 
register  and  ia  stepped  line-by-line  to  n  horizontal 
collector  register.  Information  in  the  collector  is 
then  clocked  to  the  gated-charge  integrator  on-chip 
preamplifier.  The  process  is  then  repeated  for  the 
second  field  of  alternate  pbotoelement*. 

The  silicon  chip,  as  shown  in  Fig.  13,  with 


Swo  parallel-tranafcr  rcgictera  » re  employed.  In- 
atead  of  a  2-bit  output  register,  each  transfer  regis¬ 
ter  has  two  additional  bits  which  channel  the  signal 
charge  to  an  output  gate,  where  odd-even  photo - 
element  information  is  interlaced  and  is  then  fed  to 
the  gated  charge  integrator.  It  may  also  be  readily 
noted  that  2-phase  registers  are  used. 

The  order  of  magnitude  increase  in  bit-rate 
capability  of  the  CCD  110  over  the  CCD  101  for 
comparable  charge-transfer  efficiency  is  derived 
mainly  from  the  difference  in  the  center-to-center 
spacing  (W)  of  the  transfer-register  cells.  For  a 
comparison  of  the  two  devices,  it  is  convenient  to 
define  a  charge -transfer  time  constant  (  t  )  as  a 
function  of  W.  The  definition  of  r  is  complicated 
because  there  are  three  parallel  processes  that 
govern  charge  transfer:  drift,  diffusion  and  gate- 
fringe-field  or  field-aided  forces.  At  low  charge 
densities  diffusion  and  field-aided  are  the  more 
significant.  The  time  constants  for  these  processes 
for  a  buried-channei  charge-coupled  device  are 
plotted  as  a  function  of  cell  spacing  in  Fig,  16.^ 
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It  may  be  seen  that  the  field-aided  force  change  more 
rapidly  with  cell  (pacing  than  diffusion  and  it  pre¬ 
dominates  at  low  cell  spacing.  An  approximation  of 
relative  bit- rate  capability  can  be  made  by  considera¬ 
tion  of  the  field-aided  constant  (  t  )  for  the  two 
devices.  The  spacing  is  0.8  mils  for  the  CCD  101 
and  0.  5  mils  for  the  CCD  1  10.  For  this  data  T 

p  A 

is  found  to  be  70  nsec  for  the  CCD  101  and  3  nsec 
for  the  CCD  1 1 0. 

CONCLUSIONS 

The  advantages  of  a  charge-coupled  image- 
device  design  that  employs  charge-coupled  analog 
shift  registers,  which  are  separate  from  the  photc- 
elcment  array,  to  transfer  charge  packets  from  the 
photoelements  to  an  on-chip  detector-preamplifier 
have  been  discussed.  These  advantages  mainly  re¬ 
sult  in  relatively  distortion- les s  image  reproduction. 

The  separate  transfer  registers  are  located 
parallel  to  linear  arrays  or  sub-arrays  of  photo¬ 
elements  in  three  cha  rge  -  coupled  imaging  devices; 
the  CCD  101,  a  500  photoelement  linear  array,  the 
CCD  201,  a  100  x  100  photoelement  area  array,  and 
the  CCD  1  10,  a  256  photoelement  linear  array, 
which  possesses  a  10  MHz  output  bit  rate  and  high 
charge-transfer  efficiency. 
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